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THE FAILURE OF PLAIN AND SPIRALLY REINFORCED 
CONCRETE IN COMPRESSION 


Il. INTRODUCTION 


1. Introduction.—This bulletin deals with an investigation of the 
action of concrete under compressive stresses applied in one or more 
directions. A part of the investigation has already been reported in 
Bulletin 185 of the Engineering Experiment Station, which contains 
the results of tests of concrete cylinders subjected to combined 
stresses applied by means of hydraulic pressure. The present bul- 
letin contains the results of a closely allied series of tests on short 
columns or cylinders of plain and spirally reinforced concrete. The 
tests were made with two distinct objects: to study the general be- 
havior of concrete under compression in one direction or in three di- 
rections, and to study directly certain phenomena relating to spirally 
reinforced columns. The tests described in Bulletin 185, wherein the 
lateral pressure on a cylinder was directly controlled, gave informa- 
tion on a range of stresses that could not be included in any ordinary 
series of column tests. However, the tests described herein afforded 
an opportunity for a large number of deformation measurements, and 
in this respect are far superior to the tests employing hydraulic 
pressure. 

The spirally reinforced column is an important practical example 
of the use of concrete under three-dimensional compression. Anal- 
yses and tests have furnished a fund of information which serves as a 
basis for the design of such members; there is still lacking, however, a 
knowledge of the general principles governing the action of such mem- 
bers by means of which the limited test results available may safely 
be extended and generalized. Certain principles regarding the effect 
of lateral restraint in raising the ultimate strength of concrete were 
stated many years ago by Considére.* One of these is that the 
strength of hooped concrete may be considered as being the sum of 
two essentially unlike quantities: a resistance proportional to the 
strength of the concrete itself, and an added strength which is a func- 
tion of the lateral restraint applied by the hooping. Considére 
reasoned that the second contribution to the strength was similar to 
the bearing power of a non-cohesive granular material when laterally 
restrained, a property dependent upon the internal friction of the 


* idére, A. “ Résistance 4 la compression du béton armé et du béton fretté,” Génie Civil, 
1903. se raualation, “Experimental Researches on Reinforced Concrete,”’ by L. Ss. Moisseiff, 1906. 
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material. This conception agrees in many respects with the results’ 
of tests and is commonly employed in the analysis of spirally rein- 
forced columns. 

The tests described in this bulletin were intended to throw light 
on a number of questions, of which the following are typical, regard- 
ing the action of spirally reinforced members: What is the relation 
between the lateral pressure developed by the reinforcement and the 
added strength (above that of the plain concrete) at various stages of 
loading? Is the added strength dependent only upon the lateral 
pressure, and, as in the case of a granular material, independent of the 
amount of deformation produced? What is the character of the ac- 
tion by which the material in the column changes from an almost 
elastic solid to an apparently plastic material after the spiral reinforce- 
ment has become effective? What conditions determine the maxi- 
mum load carried by a column in which failure of the spiral reinforce- 
ment is not reached? In view of the large deformations accompany- 
ing the use of spiral reinforcement, how much of the strength of such 
members can be utilized in buildings, bridges, or similar structures? 

Previous tests have answered certain of these questions to some 
extent. Among the foremost investigators of the spirally reinforced 
column may be mentioned Considére, Talbot, Bach, Withey, Rude- 
loff, Saliger, Moérsch and others; important tests have also been 
carried on by various committees of technical organizations. A bib- 
liography of selected references to research on spirally reinforced 
columns is given in the Appendix. 

In the tests of this bulletin an especial attempt was made to secure 
complete and systematic observations of the behavior of plain and 
spirally reinforced concrete under load, and an unusually large num- 
ber of deformation readings were taken as the maximum load was 
approached. The group of columns tested contained widely varying 
amounts and kinds of reinforcement. 


2. Acknowledgment.—The tests reported in this bulletin were 
performed in 1925-6 as a part of the regular work of the Engineering 
Experiment Station under the administrative direction of Dran M. 
8. Kercuum, Director of the Station, and of Prorrssor A. N. Tanzor, 
then in charge of the Department of Theoretical and Applied Me- 
chanics. Professor Talbot, whose wide experience in investigations of 
reinforced concrete made his advice invaluable, directed the planning 
of the tests and the choice of materials, thus insuring much of the 
value of the results. 
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The investigation was carried on as a basis for a Master’s thesis by 
Mr. Brandtzaeg, who chose the line of study, outlined the tests, and 
took much of the responsibility of carrying on the tests and analyzing 
the results. Most of the laboratory work, which required special 
technique, was performed by Mr. Brown and Professor Richart, who 
also supervised the investigation and gave special attention to the 
interpretation of the test results. 

Acknowledgment is due the AMmrIcAN STEEL AND WirE Company, 
the Intinois Street Company and the AMERICAN SystTEeM OF REINFORC- 
ING, all of Chicago, who furnished the steel used in the column spirals. 
The company last mentioned also assisted in the securing of suitable 
grades of material and fabricated all of the test specimens. 


3. Notation.—The following notation will be used throughout the 
bulletin: 
d = diameter of spiral wire. 
outside diameter of spiral. 
€, = axial unit deformation in column. 
€. = lateral unit deformation in column. 
e; = unit deformation in spiral reinforcement. 
€, = €: + 2e, = volumetric deformation or unit change in 
volume of column. 
E = initial modulus of elasticity of concrete. 
fi = axial compressive unit stress. 
fo = lateral compressive unit stress. 
= tensile unit stress in spiral reinforcement. 
fi + 2f2 = “‘volume”’ stress. 
f.’ = compressive strength of plain concrete. 
f, = bearing unit stress between concrete and spiral. 
k = rate of depression of spiral into concrete, expressed as the 
difference between lateral unit deformations in con- 
crete and in spiral for an increment of spiral stress of 


10 000 Ib. per. sq. in. 


K = initial bulk modulus of concrete. 


se 
I 


N -# = modulus of depression. 

p = percentage of spiral reinforcement, based upon outside 
diameter of spiral. 

initial value of Poisson’s ratio for concrete. 


10 ILLINOIS ENGINEERING EXPERIMENT STATION 


II. Mareriats, Test Pieces, AND TESTING 


4. Outline of Tests.—The investigation of the failure of concrete 
in compression made in 1925 included four series of tests; the part 
described in this bulletin was designated as Series 1, and consisted of 
one group of plain concrete and six groups of spirally reinforced con- 
crete compression test pieces, all made of a 1:2.1:2.5 mixture. 
All test pieces were cylinders, or short columns, 10 in. in diameter and 
40 in. long; the size of cross-section was limited by the capacity of the 
testing machine, while the length was chosen so as to avoid the bend- 
ing effects to be found in long columns and still to furnish a satisfac- 
tory length of member unaffected by the restraining influence of the 
end bearing plates. Three test pieces of each kind were used except 
in the case of the plain concrete, where five were used. Because of the 
limited number of test pieces, the only variables introduced in the 
series were the amount and kind of spiral reinforcement. Table 1 
gives an outline of the series. 


5. Materials.—The concrete materials were identical with those 
used in the tests described in Bulletin 185. 

Universal portland cement was used in all specimens. Immedi- 
ately before its use a supply sufficient to make all specimens was 
screened into tight metal containers and thoroughly mixed. The 
cement complied with the Standard Specifications for Portland Ce- 
ment of the American Society for Testing Materials, as shown by the 
physical properties listed in Section 8, Bulletin 185. The sand and 
gravel used were washed materials from the Wabash River at Attica, 
Indiana. Sieve analyses and other properties of these materials are 
given in Table 2. 

The proportions and consistency of the concrete were carefully 
chosen in order to secure uniformity and workability of the mixture. 
The proportions of the mixture employed were 1:2.1:2.5, by loose 
volumes, though all measuring of ingredients was done by weight. 
This mixture had a corrected water-cement ratio of 0.87, an average 
slump of 6.9 in., and a flow, or ratio of final to initial base diameter of 
the standard specimen on the flow table, of 215 per cent. The rela- 
tive absolute volumes of the ingredients of the concrete used, as de- 
termined from test cylinders made with the test pieces were: cement, 
0.118; sand, 0.328; gravel, 0.337; water, 0.212. Detailed data re- 
garding the concrete are given in Table 3. 

The reinforcing spirals were intended to be of mild steel, with the 
exception of one lot of special high strength cable steel which hap- 
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TABLE 1 


OutTuIne or Tests or SERIES 1 


All test pieces 10 in. in diameter, 40 in. long 
Concrete, 1: 2.1: 2.5, by loose volumes 


Number Percentage Nominal : 
oe com of Columns of Spiral Diameter of Kind of 
: . in Group Reinforcement Steel, in. Steel 
MD eetey crores) cS anor to as 02-06 5 0 
1 AB ea coer 11-13 3 0.50 1g Annealed drawn 
wire 
Bale ta teres ohetels fosgicnere 21-23 3 iU5ebiL 46 Annealed drawn 
wire 
ON era dls ee les 31-33 3 2.07 A Rolled mild 
steel 
Dest ern ict ee eRe 41-43 S 2.64 He Rolled mild 
; steel 
FS 20 Glee tt ee 51-53 3 4.41 3g Rolled mild 
steel 
IIS eh See is eis cite br8.'8 131-133 3 1.96 Y Suspension 
cable wire 
TABLE 2 
SimveE ANALYSES AND OTHER PROPERTIES OF AGGREGATES 
Sieve 
Item No# Sand Gravel 
Percentage of Material Passing a Given Sieve.... 100 
48 
28 21 
14 54 
8 at 
4 93 4 
3 14 
3¢-in. 33 
y-in. 65 
34-in. 96 
Per cent moisture’content, AS USE . 6.5 oc. vcs e cee sc ecece 0.2 0.3 
POriCONnGiIMOISEULE: AD SOLD UIOM 5101/0) oie 1aicc alin (o\cllo1 0:6 1s0%e eles (tn lels eels 0.6 1.0 
Specie eravaiby, craton stereo eteisie)vclelole ete ciale eleucletereiete)s/e-e\aherais 2.67 2.69 
Unit weight, lb. per cu. ft. 
(@) Measured looses struck Offs v5. 00sec sce ocws carne sass 107 94 
(De Lampeds AuSe TMi method fiscins reis'es ccine a/or cis w\eyaiele 113 103 


*Tyler Standard Screen Scale Sieves. | 
+Standard Method of Test for Unit Weight of Aggregate for Concrete, A.S.T.M, 


Book of Standards, Part II, p. 120, 1927. 


pened to be available. Five sizes of mild steel were chosen, having 


diameters of 1, 34, 14, 546, and 3 in., while the cable steel stock was 


of 14-in. diameter. It was found that the smallest two sizes—}¢-in. 
and 3{¢-in. rounds—could not be secured in rolled bars, so that drawn 
wire was substituted in these sizes. This wire, although annealed, 
varied greatly in quality from the rolled steel used in the larger sizes. 
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TABLE 3 


Data or CONCRETE MIXTURES 
From tests of three 6 by 12-in. control cylinders made 


with each column 


Compres- 
Column Slump, Flow, Cement- Water- sive 
No. in. per cent Space Cement | Strength* 
Ratio Ratio lb. per 

sq. in. 

6.6 209 2530 

7.0 216 2550 

6.0 27. 2290 

6.8 216 2280 

(aly) 210 2475 

627 214 0.353 0.87 2425 

6.9 229 2675 

(foe) 225 2790 

iG 212 2630 

oes 222 0.353 0.87 2700 

(a0) 220 2640 

Wii 213 2865 

Gib 210 2725 

7.2 214 0.354 0.87 2725 

7.4 215 2880 

6.9 216 2525 

6.4 213 2785 

6.9 215 0.351 0.87 2730 

6.2 214 2725 

7.9 216 2640 

Pek 198 2480 

ie! 209 0.352 0.87 2615 

6.0 222 2745 

8.5 225 2890 

6.3 212 2685 

6.9 220 0.254 0.87 2775 

6.7 205 2665 

6.0 217 2525 

6.9 222 2860 

Average... 6.5 215 0.353 0.87 2685 

Grand 

Average... 6.9 215 0.353 0.87 2645 


*At age of 28 days. 


Some differences were also found in the properties of the three larger 
_sizes of mild steel, and hence the spirals used represented a consider- 
able variation in quality. The high strength steel was heat-treated 
drawn wire of a special quality originally intended for use in suspen- 
sion bridge cables, and it showed a high degree of uniformity in physi- 
cal properties. Information concerning the spirals, including certain 
dimensions and physical properties described in Section 6, are given 


in Table 4. 


13 


FAILURE OF PLAIN AND SPIRALLY REINFORCED CONCRETE 


“queo red F 04 [| ‘[eitds jo o#equoor10d ‘yuo od 7 09 [ ‘Teards jo youd !yueo 


Jod 9°Z 04 Z 0 ‘UOI}O9S a1tM :dno13 yore Jo eBer10AR WO1j UONeIeA WNUUIxeU poyeUISHy 


6€0°0 OOF L6I 000 90T 96°T 00°T 9870 °0 0¢¢'°0 LLL 6°6 urge ea ciara | 
6ST 0 00Z 99 000 9F lt I0°T 90TT"O 9L8°0 oo LL 6°6 ah cb cree gas 
9ST 0 OOF €¢ 000 OF 49% 96°0 690° 0 6860 oLL 6°6 oa ina mae asa 
peyoo19 
AT yays 69T 0 00g €¢ 000 8& L0°% 66°0 £0S0°0 $960 0°92 8°6 (etree. ee eS 
19998 
020°0 009 OL 000 19 ITT 66°0 €L60°0 L810 T8Z 0°OL gs RE Ra 
Teondiyye 
Ayy gays 010°0 00¢ OZ 000 29 0S 0 86°0 0Z10°0 PCL O T82 0°OT Wane ek 
OTT MA 
oPBUINYT() G00°0 = *? “ul “bs “UL 
uonesu0[G WW usyM “ur ‘aorqoag “wei om ‘bs ‘ur ‘speatdg 
SITE Mea Ieards 30 ‘jeaidg Jo i ee jo “wreIcy ‘ON 
‘eull 4U99 19g OL uolyoeg apisan anon 
ooo ‘ul ‘bs s0d “qT or 121249 PISMO o 
‘ealdg ur ssoryg orm [eridg 


,LNAWNGOUOANIAY, TVUIdS AO SHILYAAOUgG AGNv SNOISNGWIC, GOVAGAY 


y~ TIAV, 


14 ILLINOIS ENGINEERING EXPERIMENT STATION 


6. Fabrication and Testing of Reinforcing Spirals.—The spirals 
were all fabricated by the American System of Reinforcing, under the 
inspection of Mr. Brandtzaeg. The steel as received at the shop was 
in coils of large diameter. The spirals were coiled by machine and 
held to the desired pitch by means of spacers. Four spacers were used 
on each spiral, being made of a crimped No. 11 wire on the outside of 
the spiral attached to a 14-in. round rod on the inside of the spiral. 
These spacers provided 0.3 per cent of longitudinal reinforcement 
which, however, was neglected in all calculations. The spirals were 
made one inch shorter than the finished columns and two extra turns 
were added at each end for anchorage. 

The dimensions of all spirals are recorded in Table 4, together 
with information on the variability of the dimensions. The diameter 
of the spiral wire was measured with a micrometer at five points along 
the spiral, two measurements being taken at right angles to each other 
at each point. Measurements of the spacing were taken as one-fifth 
of the distance between every fifth winding, and seven of these meas- 
urements were taken along two sides of each spiral. 

In order to utilize the strain-gage measurements that were taken 
in the tests of spirally reinforced members to determine the lateral 
stress in such a member, it was necessary first to have an accurate 
knowledge of the stress-strain relation for the spiral steel at all stages 
of loading. Hence a particular effort was made to determine the stress- 
strain properties of the spiral steel as it actually existed in a column. 
Since it was not feasible to test a curved member in tension, and since 
the processes of coiling and straightening had marked effects upon the 
properties of the steel, indirect methods were employed to determine 
the true stress-strain relation for each spiral. 

During fabrication three test coupons were cut from the stock 
used in each spiral, two being cut from the extreme ends of the steel 
used in the spiral, but before it had been coiled. The first two, taken 
from the uncoiled wire, were nearly straight. The third, which had 
been bent to a 5-in. radius, was straightened in a uniform way before 
testing by pulling the wire through a vise. 

The tests were made in a hand-operated Olsen wire-testing ma- 
chine of 10 000-lb. capacity. Extensometer measurements were 
taken on an 8-in. gage length for the wire and on a 2-in. gage length 
for the heavier rolled sizes. Average stress-strain diagrams embody- 
ing the results of the tests are shown in Figs. land 2. In general, each 
curve represents the average of three tests. 
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Figures 1 and 2 show a considerable difference between the prop- 
erties of the material before it had been coiled into a spiral and after 
it had been coiled and straightened. It is evident that the amount of 
cold-working received by the spirals during coiling was somewhat less 
than that received by the test coupons that were coiled and straight- 
ened. The latter specimens had been allowed to rest a week between 
the straightening and testing. This rest gave somewhat higher 
elastic strength than that found when coupons were tested immedi- 
ately after straightening, an effect noted many years ago by Bausch- 
inger.* In order to agree with conditions in the spirals, only the tests 
of rested specimens are included in Figs. 1 and 2. 

Two different effects of cold-working are seen in the different 
grades of steel. For the 1g-in. and the 3/,-in. drawn wire and the 
¥-in. cable steel of Fig. 1, the effect of the cold-working produced in 
coiling and straightening the coupons appears to be an appreciable 
lowering of the stress-strain curve up to and around the yield point, 
though the difference between the two curves is not very great. For 
the 14-in., the 545-in. and the 3¢-in. mild steel of Fig. 2, however, a 
great difference is seen between the two curves, the effect of cold 
working apparently being to raise the whole upper part of the stress- 
strain curve a large amount. This effect is so great that it has an 
important bearing upon the interpretation of the column tests, and it 
was felt necessary to get further information regarding the part of the 
effect due to coiling and the part due to straightening of the coupons. 
With this object in view a number of auxiliary tests were made, the 
most satisfactory being a small series of cross-bending tests of pieces 
of the 3¢-in. spiral steel, loaded on a span of 4 inches, with a concen- 
trated load at midspan. Tests were made on (A) the steel. straight 
as received (B) the steel bent as in the spirals and (C) the steel 
cut from the spirals, straightened, and rested for eight days be- 
fore testing. While the load-deflection relations obtained from these 
tests may not be analogous to the stress-strain relations to be found in 
tension tests, it was felt that the relative effects of different degrees of 
cold-working might be at least roughly indicated. In the cross-bend- 
ing test it was possible not only to test the steel curved just as it was 
in the spiral, but also to study the effect of applying the load so as 
either to increase or to decrease the original curvature. Two speci- 
mens of type A, two of type B, with downward load applied to the in- 
side of the spiral, two of type B, with load applied to the outside of the 
spiral, and two each for the corresponding cases of type C were tested. 


*Bauschinger, J. See ‘‘ Handbook of Testing Materials”’ by A. Martens, translated from the Ger- 
man by G. C. Henning, 1899. 
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The load-deflection curves obtained from these tests are given in Fig. 
3, which shows that there was a distinct difference between the curves 
for the three types of specimens as well as consistent differences for 
types B and C between the curves for those specimens tested with the 
center of curvature upward and those with it downward. Figure 3 
shows that the average curve for type B falls between those for type 
A and type C, as would be expected. A study of the curves shows 
that near the yield point the effect of coiling the spiral was about half 
as great as that of the combined coiling and straightening; with 
greater deflections the effect of coiling was relatively much larger, 
reaching about 80 per cent of the combined effect at a deflection four 
times that found at the yield point. This information was used as a 
guide in locating curves for the 44-in., the 54g-in., and the 3¢-in. mild 
steel rounds of Fig. 2, which are considered as representing the stress- 
strain curves of the spiral steel as it existed in the columns. For the 
other three groups of spirals, made of drawn wire and of cable steel, 
the difference between the curves of Fig. 1 for the steel as received and 
those obtained from the steel after coiling and straightening was so 
small that the latter were taken as representing the properties of the 
spiral steel used in the columns. 

It is felt that this study of the properties of the spiral reinforce- 
ment has added greatly to the reliability of the column test data to 
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follow; it should not be implied that the effect of cold-wor king can 
aly ays be judged from the results of these tests, but these results 
should emphasize the fact that the usual tests of samples of spiral 
steel which have been subjected to an unknown amount of cold-work- 
ing cannot be relied upon to furnish stress-strain curves that are ap- 
plicable to the steel as it exists in a column. 


7. Making and Curing of Test Pieces.—The concrete for all test 
pieces was mixed in a batch mixer of one-third cubic yard capacity, 
all materials being weighed and dumped into the mixer in the order: 
gravel, sand, cement, and water. Mixing was continued for four min- 
utes, whereupon the batch was discharged into a large pan, further 
turned over a few times with shovels, and then deposited in the forms. 
The forms were made of 10-in. steel pipe split into four parts, and held 
in position by three heavy circular steel bands. In placing the con- 
crete, it was puddled with a 34-in. round steel rod, and the form was 
tapped with a heavy hammer during pouring. 

Consistency tests and 6 by 12-in. test cylinders were made from a 
portion of each batch. Slump and flow tests were first made, then the 
same concrete was used in making the cylinders. Both the large test 
pieces and the cylinders were capped with neat cement soon after 
pouring. The test pieces were removed from the forms after two days 
and were stored in the laboratory under wet burlap for 24 days. Dur- 
ing the curing period the temperature of the laboratory varied be- 
tween 65 and 75 deg. F., but with no marked change in the mean tem- 
perature throughout the period. Two days before the date of testing, 
the burlap was removed from the columns and the gage holes for 
strain measurements were prepared. At this time the small steel plugs 
required for measurements of concrete deformations were inserted and 
firmly anchored by means of plaster of paris. Gage lines on the spiral 
steel, which was practically at the column surface, were also drilled, 
except in the case of the spirals of 1g-in. wire, on which the gage holes 
were omitted because of the small diameter of the wire. The location 
of gage lines is shown diagrammatically in Fig. 4, in which the surface 
of the column is developed to indicate the lines which were laid out on 
the four sides of the column at three points along the length. 


8. Testing Apparatus and Procedure.—The large specimens were 
tested in a 600 000-lb. Riehle testing machine; the 6 by 12-in. cylin- 
ders in a 300 000-Ib. Olsen testing machine. 

Measuring instruments used included Berry type strain gages of 4- 
and 8-in. gage lengths, Howard type gages, fitted with dial indicators, 
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of 4-, 8-, and 30-in. gage lengths, and a special diameter gage designed 
for the tests by Mr. Brown. A view of these gages is given in Fig. 5. 
All gages were equipped with conical points. In one test the diameter 
gage was fitted with special contact points, consisting of conical sock- 
ets or cups which engaged a ball bearing embedded in the steel gage 
plugs of the test piece, a detail that has been used in other gages. 
This was intended to eliminate the effect of wear of the edges of gage 
holes, which affected the readings of this gage particularly, since the 
direction of deformation was parallel to the axes of the contact points 


and gage holes, but no appreciable advantage of the ball and socket — 


contact was noted. 
Ames micrometer dials reading 0.001 in. were employed in all of 
the strain gages, the Berry gages having a lever ratio of about 7.5 to 1, 


“ 


——— 
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Fig. 5. View or Strain GAces Usep 1n Tests 


the diameter gage 5 to 1, while the Howard gages indicated directly 
without multiplication. All were used on gage holes made with a No. 
54 drill. In the diameter gage the points were held in the gage holes 
with a constant pressure produced by a strong spring at the lever end 
of the instrument. The probable errors in unit deformations obtained 
by the use of the different instruments, as judged from the consistency 
of the readings, were roughly as follows: 8-in. Berry gage, 0.000008; 
4-in. Berry gage, 0.000025; diameter gage, 0.000010; 30-in. Howard 
type gage, 0.000033; 8-in. Howard type gage, 0.00005; and 4-in. How- 
ard type gage, 0.0005. The latter two gages were used only after the 
deformations had exceeded the range of the Berry gages. It is felt 
that the gages used furnished a satisfactory degree of precision for 
most purposes of the tests. 

After all gage holes had been prepared, the column was placed in 
the testing machine, plumbed and centered. At times it was found 
necessary to embed the base of the test piece in plaster of paris to se- 
cure uniform bearing. At the beginning of a test an initial or “zero” 
load of 1000 to 2000 pounds was applied to the column through a 
spherical bearing block, which was then prevented from further rota- 
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tion by the use of wedges. The initial strain measurements were next 
taken, and the remainder of the test proceeded with the column 
loaded between two fixed and fairly parallel planes. Loads were ap- 
plied in increments varying from 25 000 to 35 000 pounds in the early 
stages of the test, and gradually decreasing to 10 000 to 15 000 pounds 
during the later stages. The testing machine was always run at its 
nominal speed of 0.05 inch per minute; the load recorded was that in- 
dicated by the scale beam at the instant the machine was being 
stopped; and a record was kept of any decrease in the load during the 
period, usually 7 to 12 minutes, in which strain measurements were 
taken. Strain measurements were always taken up to the maximum 
load, and generally beyond it. When failure came through breaking 
of the spiral reinforcement the tests were discontinued, but in cases 
where the columns failed through a general yielding, the test was car- 
ried somewhat beyond the maximum load. A number of special tests 
were made at this final stage of loading, to which reference will be 
made later. 


9. Record of Tests.—A brief description of the behavior of the test 
pieces under load may be useful. Certain terms used in the descrip- 
tion will be defined at the outset. Thus, while the test pieces are not 
columns in the ordinary usage of the word, since the height is only 
four times the diameter, they will be so designated for lack of a better 
term. The maximum load carried will be defined as the greatest load 
reached, with the testing machine running continuously. Beyond 
this load further operation of the machine produced a recorded de- 
crease in resistance. In the tests of spirally reinforced columns it was 
found that, after such a maximum load was passed and loading was 
stopped for a short time and then resumed, a second ‘‘maximum”’ was 
observed. This second maximum was usually slightly higher than the 
first. (See Table 6, Section 20.) Similarly a third or a fourth maxi- 
mum was sometimes noted. To avoid uncertainty, the first maximum 
load observed will always be denoted as the maximum load carried by 
the column, since this is the load that would be observed in a contin- 
uous test to complete failure. The load indicated by the machine at 
any time a stop was made to take strain measurements will be consid- 
ered as the load on the column, although it was observed that, partic- 
ularly at the higher loads, a considerable decrease in the load occurred 
during the time the machine was stopped. The starting load, or load 
on the column when the machine was again started, was always re- 


corded and the difference between stopping and starting loads will be 
discussed in Section 19. 
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A. Plain Concrete Columns 


This lot of five plain columns, of 1:2.1:2.5 concrete, was desig~ 
nated as Group 0. 

Group 0.—The maximum load carried by Column 02 was 2290 lb. 
per sq. in. A number of nearly vertical cracks were developed just as 
the maximum load was reached, and loading was discontinued. 

A set of strain gage readings was taken on Column 03 at a load of 
1940 lb. per sq. in. During the readings an increase in lateral deforma- 
tion indicated that a large plastic flow was taking place. Cracks also 
developed during the period in which the readings were taken. When 
the machine was started again, the load had fallen off and the column 
failed before the load reached the amount previously applied. It is 
probable that the maximum load attained would have been greater 
than 1940 lb. per sq. in. if the column had been loaded continuously to 
failure. 

In the test of Column 04, the special conical sockets mentioned in 
Section 8 were used on the diameter gage. The arrangement worked 
very satisfactorily, but not particularly better than the usual conical 
points when the gage holes for the latter were properly worn down, 
and on account of the greater simplicity the conical points and drilled 
gage holes were used in subsequent tests. Strain gage readings were 
taken on this column at a load of 2120 lb. per sq. in., which proved to 
be the maximum load. It was noted that in a period of about 7 min- 
utes the unit deformations at the midheight of the column showed an 
average increase of 0.00021 on longitudinal lines and 0.00044 on radial 
lines. Cracks developed during the taking of readings, and the col- 
umn failed to reach a higher load when testing was resumed. 

The maximum load on Column 05 was 2080 lb. per sq. in. Com- 
plete strain readings were taken at this load. Loading on this column 
was continued until a complete failure of the shearing type occurred 
on planes inclined 50 to 60 deg. to the horizontal. 

Early strain readings on Column 06 were probably affected by 
rapid temperature changes in the laboratory. The maximum load on 
this column was 2220 lb. per sq. in. 

Figure 6 shows a view of Columns 02, 03, and 04 after testing. 


B. Spirally Reinforced Concrete Columns 


This lot of columns, of 1:2.1:2.5 concrete, had spiral reinforce- 


ment of varying amounts and qualities. 
Group 1.—The columns of this group had 0.5 per cent of spiral re- 
inforcement of 1é-in. annealed drawn wire. Because of the small di- 
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Fic. 6. View or Cotumns 02, 03, anp 04, arreR TESTING 


ameter of the spiral wire no gage holes were drilled in the spirals of 
this group; instead, light punch marks were used. No breaks in the 
wire occurred at these marks. 

In the test of Column 11 slight spalling of the plaster of paris sur- 
rounding the gage plugs was noted at a unit load of 2620 lb. per sq. in., 
and the maximum load reached was 2720 lb. per sq. in. After the ma- 
chine had been stopped to permit strain measurements, a second and 
a third maximum were observed, at loads of 2740 and 2680 lb. per sq. 
in. Cracking and spalling of the concrete had become quite general 
when, with further motion of the testing machine head, the spiral 


broke near the upper gage lines. After this the column still withstood 
a load of 1900 lb. per sq. in. 
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Slight spalling was noted on Column 12 at a load of 2450 ibe per sq. 
in., and this action increased until the maximum load was reached at 
2760 Ib. per sq. in. At this point the cracking and spalling were not 
noticeable from a short distance away. With further intermittent 
loading, a second, third, and fourth maximum were noted at loads of 
2800, 2640, and 2600 lb. per sq. in. Failure occurred through the 
the breaking of two loops of the spiral soon after the fourth maximum 
was reached. 

At the maximum load on Golan 13 there was slight cracking and 
bulging of the concrete between spirals. After strain readings had 
been taken a second maximum of 2610 lb. per sq. in. was reached, and 
shortly afterward the column failed through the breaking of a spiral. 

Group 2.—The columns of this group had about 1.1 per cent of 
spiral reinforcement of 3(g-in. annealed drawn wire. In the test of 
Column 21, slight spalling was observed at a load of 2360 lb. per sq. in. 
and cracking and spalling increased as the load rose slowly to the max- 
imum of 3570 lb. per sq. in. As the machine was run beyond the max- 
imum the load fell off to 3150 lb. per sq. in. where the spiral broke at 
two of the drilled gage holes. 

The first perceptible spalling of Column 22 came at a load of 2930 
lb. per sq. in., and the maximum load was reached at 3635 lb. per sq. 
in. After a set of readings had been taken the load was again raised to 
a maximum of 3640 lb. per sq. in., whereupon the test was discontin- 
ued without breaking the spiral. Gage holes in the spiral of this col- 
umn were not drilled, but were light punch marks. 

Slight spalling of the concrete of Column 23 was noted at a load of 
2720 lb. per sq. in. Spalling and cracking continued but was not very 
pronounced at the maximum load of 3570 lb. per sq. in. With the ma- 
chine running the load remained constant for some time, then the 
spiral broke at two places at gage holes in the wire. After the spiral 
broke, a load of 3410 lb. per sq. in. was again applied before the spirals 
started slipping and rapid decrease in load followed. 

Group 3.—The columns of this group had 2.05 per cent of spiral 
reinforcement of 14-in. rolled low carbon steel. In the test of Column 
31, a vertical crack in the concrete was noted at a load of 2640 lb. per 
sq. in., and as the load increased spalling developed near this crack. 
At the load of 3530 lb. per sq. in. the column was taking load very 
slowly, and spalling was quite general in the upper part of the column 
at the maximum load of 3740 lb. per sq. in. After strain measure- 
ments were taken, loading was resumed and a second maximum of 
3760 lb. per sq. in. was reached. No breaking of spirals occurred and 
the test was discontinued. 
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No surface spalling of Column 32 was seen until a load of 3390 Ib. 
per sq. in. was reached. Thereafter the spalling increased and the 
rate of loading decreased until the maximum load of 3800 lb. per sq. 
in. was reached. After strain measurements had been taken, a sys- 
tematic set of loading tests was made wherein the machine was run 
for four periods of 2 minutes each, with a one-half minute rest be- 
tween periods. In each two-minute period a maximum load was 
reached, the consecutive values being 3900, 3870, 3850 and 3810 lb. 
per sq. in. The results of these tests are discussed in Section 20. The 
spiral was unbroken when the tests were discontiuned, though the 
column had shortened about 2 per cent. 

One day after the foregoing tests the spiral reinforcement was 
stripped from the column, which was then retested as a plain concrete 
column. It took load quite rapidly up to the maximum of 1040 lb. 
per sq. in., which is 49 per cent of the strength of the plain columns of 
Group 0. Figure 7 shows the column with spirals removed, before 
and after retesting. 

At a unit load of 2870 lb. per sq. in. on Column 33, there was slight 
cracking of the concrete and buckling over the spirals. At 3320 lb. 
per sq. in. spalling had become quite general and the load was increas- 
ing very slowly, requiring more than six minutes to reach the maxi- 
mum load of 3450 lb. per sq. in. With the machine running the load 
stayed constant at 3440 lb. per sq. in. for 17 minutes, when the aver- 
age longitudinal unit shortening was 0.02 and the lateral unit deforma- 
tion was 0.01. A systematic loading test such as that of Column 32 
was made, and after this the test was discontinued. The spiral rein- 
forcement remained unbroken. 

Group 4.—The columns of this group had 2.6 per cent of spiral 
reinforcement of 54¢-in. low carbon rolled steel. In the test of Column 
41 cracking sounds were heard at a load of 2620 lb. per sq. in., but no 
appreciable spalling occurred until a load of 3830 lb. per sq. in. was 
reached. The maximum load was 4260 lb. per sq. in. Spalling of the 
column was quite general and the average unit deformations were: 
longitudinal, 0.012; lateral, 0.003. When the testing machine was 
again started a second maximum of 4330 lb. per sq. in. was reached; 
the load was left on the column for 10 hours and gradually decreased 
to 3000 Ib. per sq. in. With the machine started again the column 
took load quite rapidly and a third maximum load of 4570 lb. per Sq. 
in. was reached, whereupon the test was discontinued. 

Some spalling of Column 42 occurred at a load of 3400 lb. per sq. 
in. The maximum load was 4240 Ib. persq.in. The average defor- 
mations taken just beyond the maximum load were: longitudinal, 
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0.014; lateral, 0.007. Repeated loadings to a maximum, followed by 
periods of rest, similar to the tests of Columns 32 and 33, were then 
made on the column. After these tests the spiral reinforcement was 
still intact and loading was discontinued. 

Column 43 developed a few small cracks at a load of 3540 lb. per 
sq. in. and some spalling at 4070 lb. per sq. in. The column took load 
very slowly near the maximum load, which was 4390 lb. per sq. in. 
Strain measurements taken soon after the maximum load showed an 
average shortening of the column of 1.9 per cent. After repeated 
loading similar to that of Column 42 the test was discontinued. 

- Group 5.—The columns of this group had 4.4 per cent of 3¢-in. low 
carbon rolled steel. 

In the test of Column 51 spalling began at a load of 4760 lb. per 
sq. in. and was almost complete when the maximum load of 6460 lb. 
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per sq. in. was reached. After the machine had been stopped to take 
readings, a second maximum of 6530 lb. per sq. in. was applied, and a 
third still higher was reached after a two-hour rest. By this time the 
column was bending appreciably and the test was stopped. 

Some spalling of Column 52 began at a load of 3520 lb. per sq. in., 
and had become quite general when the maximum load of 6220 lb. per 
sq. in. wasreached. Failure occurred in the upper part of the column; 
the large deformations noted near the top of the column were evident- 
ly due to the fact that the spiral reinforcement was about 114 in. be- 
low the upper bearing surface. Average unit deformations just after 
maximum load were: longitudinal, 0.021; radial, 0.007. With 
further loading, second, third, and fourth maxima of 6280, 6300, 
and 6220 lb. per sq. in., respectively, were reached. The test was dis- 
continued as the column showed a slight amount of bending. 

Column 53 showed spalling at a load of 3240 lb. per sq. in., and 
practically the entire surface spalled off before the maximum load of 
6600 lb. per sq. in. was reached. The column took load very slowly as 
the maximum was approached, a 16-minute run being required to 
raise the load from 6400 to 6600 lb. per sq. in. The average unit defor- 
mations at this point were: longitudinal, 0.027; lateral, 0.009. With 
the machine running for 24 minutes more, the load decreased to 
6590 lb. per sq. in., and the test was discontinued. 

Group 13.—The columns of this group had 2 per cent of spiral 
reinforcement of 14-in. high strength cable wire. 

In the test of Column 131 slight spalling of the concrete was seen 
at a load of 3540 lb. per sq. in. and spalling was nearly complete at the 
load of 5470 lb. per sq. in. The column took load slowly up to the 
maximum of 8460 lb. per sq. in., when the spiral broke with a loud re- 
port at a drilled gage hole. The spiral uncoiled and removed the lat- 
eral restraint from a length of column of several inches, where violent 
crushing of the concrete took place. The average unit deformations 
of the column read just before the failure were: longitudinal, 0.044; 
lateral, 0.012. 

Spalling of Column 132 began at a load of 3040 lb. per sq. in. 
Failure occurred in a way similar to that of Column 131, through 
breaking of the spiral at a load of 7370 lb. per sq. in. The average 
unit deformations shortly before failure occurred were: longitudinal, 
0.035; radial, 0.011. 

In the test of Column 133 buckling of the concrete outside the 
spirals was noted at a load of 3660 lb. per sq. in., and at a load of 5300 
Ib. per sq. in. spalling of the surface was almost complete. The col- 
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umn took load very slowly from a load of 6270 lb. per Sq. in. up to 
failure, which was due to breaking of the spiral at a gage hole, at a 
load of 7800 lb. per sq. in. The average unit deformations shortly be- 
fore failure were: longitudinal, 0.039; radial, 0.011. 

In connection with the foregoing record of the tests it may be 
noted that for Columns 11, 21, 33, 42, 51, 131, and 132 load was re- 
leased nearly to zero for an interval of about an hour and then reap- 
plied; such release of load being made at loads generally less than one- 
half the maximum load. The release and reapplication of load appar- 
ently had little effect upon subsequent behavior of the columns. 

Figure 8 shows views of the columns of Series 1 after they had been 
tested. It should be kept in mind that most of these columns were 
loaded for some time after the maximum load was reached. However, 
the figure shows to some extent the relative amounts of surface spall- 
ing and deformation to which the different columns were subjected. 


10. General Results of Tests.—Table 5 gives a summary of the 
principal results of general interest. The table is self-explanatory, 
except perhaps with regard to the values of initial modulus of elastic- 
ity, Poisson’s ratio, and bulk modulus. The method of obtaining 
these properties of the material will be described in Section 11. 

The major portion of the test observations is shown in the form of 
stress-strain curves for the columns. The readings on individual gage 
lines at any section did not differ greatly, but there were frequently 
marked differences between the strains measured at different sections 
of the column. The stress-strain curves given in Figs. 9 and 10 repre- 
sent the average of the readings taken at sections near the top, middle, 
and bottom of typical columns. The longitudinal strains represent 
the average of four readings taken on the four sides of the column. 
The radial strains represent the average of two diameter-gage read- 
ings at right angles to each other. The circumferential strains on con- 
crete are the average of four readings, while those on steel are the 
average of the readings on eight gage lines, which together completely 
encircled the column. 

In computing unit loads, the average cross-sectional area of the 
column was used; in the case of the spirally reinforced members the 
section from outside to outside of the spiral was used. The same sec- 
tion was considered to govern the gage length on diameter measure- 
ments, for while the gage plugs extended from 3¢ to 4 in. beneath the 
surface of the concrete, it was felt that the plaster of paris surrounding 
the plug moved more nearly with the surface of the column. In the 
spiral columns in which the outer surface spalled off, the gage length 
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TABLE 5 
Summary or Resuuts or Cotumn Txsts 


———— 


Estimated Initial 
p Unit Comp. Initial Values of 
Percent: Maximum | Load at | Strength | Modulus 
Column age of ten. lores of 6 by | of Elastic- 
No. Reinforce- ead Spalling 12-in, ity— Bulk 
nanan Ib. per Began— | Cylinders | thousands : ,. |Modulus— 
sq. in. Ib. per —Ib. per | of lb. per | Poisson’s | thousands 
sq. in. sq. in. sq. in. Ratio of lb. per 

sq. in. 

0 2290 2530 3140 0.09 3900 

0 1940 2550 3020 0.11 3900 

0 2120 2290 3060 0.12 4000 

0. 2080 2280 2940 0.12 3950 

0 2220 2475 3300 ore 

0 2130 2425 3090 0.11 3940 

0.49 2720 2620 2675 2800 0.13 3800 

0.50 2760 2450 2790 2650 0.11 3400 

0.50 2565 2565 2630 2900 0.11 3720 

0.50 2680 2545 2700 2780 0.12 3640 

1.10 3570 2360 2640 2800 0.12 3680 

ae rst 3635 2930 2865 2100 0.1 2840 

Lit 3570 2720 2725 2800 0.13 3800 

1.11 3590 2670 2725 2570 0.13 3440 

2.09 3740 2640 2880 2300 0.13 3100 

2.10 3800 3390 2525 2700 0.12 3550 

2.03 3450 2870 2785 2550 0.12 3360 

2.07 3665 2965 2730 2520 0.12 3340 

OD) Befonoten! >i tevsianale 2.61 4260 3830 2725 2600 0.13 3500 
AD aya atime era, Bens 2.64 4240 3400 2640 2700 0.12 3600 
6 PO en eee 2.66 4390 3540 2480 2650 0.12 3500 
PAVEPAR cis elencusca 2.64 4295 3590 2615 2650 0.12 3530 

Min ewon ode neOee 4.41 6460 4290 2745 2750 waters 
DZ tenia = rae \ell=,.a6 4.40 6220 3520 2890 2650 0.11 3400 
Doamtiletore Staleye/ia ios 4.42 6600 3240 2685 2350 0.12 3100 
Average: . .s..as; 4.41 6430 3680 2775 2580 0.12 3250 
ei eeae aaco eed 1.99 8460 3540 2665 2900 0.11 3720 
AIC SSR ote diginacine nemC 1.90 7370 3040 2525 2250 0.11 2890 
Re eioticercoeiers 1.99 7800 3660 2860 2500 0.11 3160 
Average......... 1.96 7880 3410 2685 2550 0.11 3260 


was taken as the average diameter from outside to outside of the 
spiral. 

Figures 11, 12, and 13 show stress-strain curves plotted from the 
average of the readings for each column. Figures 11 and 12 show 
values of the longitudinal and radial deformations of the concrete, 
while Fig. 13 shows values of the radial deformations and the deforma- 
tions measured on the spiral steel. The circumferential concrete de- 
formations, which agreed closely with the radial ones, are not shown. 
It will be noted that in Figs. 11 and 12 the scale for radial deforma- 
tions is twice that used for longitudinal ones. This was done so that 


ILLINOIS ENGINEERING EXPERIMENT STATION 


32 


SNWATOY 40 WOLLOg ANV “ATadIyT “dO, LY SNOILOGY YO SHAYAD NIVULS-SSaULG T¥YOIdA], “6 ‘DIT 


UWONWOMMOSIGT fli 


E 


ho, Ss) 


JOUMBLILUIION, “ 


eee | | 


TEES Cay | 
2PLDUOD mmo 


NS 


| Vee el 
a J 2000 | 


Choe 


72 


Veo buoy ee | UWUuSYOD 
{ 


Hoy ZO00 a | | 


COMO OLA 


Leif) 
im 


N 
S 
aw 
iS 
| d 
>_< ————> o—J 0 AY 
Calas fae peal | aesse9 KH i 
Cae 3 sie 2a ae ee ! ae | ew] C) 
i 1 YX eee. — JOMOOY fe) oh Ley, it a ie ti} 0001'S 
7a a ae Tess esos 
BBB a8 : SA LAr Are 
ay b ps so (OUUPIA MIPS Y /olpegs” | i 
N EEO JOUMOYMLIOT. le | TOMA BAO, 
I a sh Eee Je | 000 
Pe UMNYODZ as | WL/ OD } 
mee ~ + 4 hoa + + +— + 


33 


-SNWATO) JO WOLLOg ANY “aTadI] ‘dO, LV SNOMLOGY YOI SHAYND NIVULS-SSTALY IVOIGAT, “OT ‘DIT 


WOMVLOUAOJI, fltlf) 


FAILURE OF PLAIN AND SPIRALLY REINFORCED CONCRETE 


LU0ff OF. ated 
DEW kL ES/ YRCLS- GS Wel F kW Ll FALL 
| | ew BOL. i 
YO -~ 
(aes q Se IS 
aN JOU OPALMCUOT : ~ CUM OD) 
1 pe, SS 
LOU Q “ 
t wes NY i| 
eS /221S @=-0 iS | 
SS PLPAILOD om——o alsa © bes a 
S \OAPLOT \a— —>| S 
en Se asl ae i‘ T3000 ? te 
UMLOlL UOT \e— —>| EW 
AIOE einem PrN % | Ey 
sh WES WON, OU LOLIAQ SRA. (OUI OUOT. 
‘ a A714) Te S 
SJ | 2s 
Ss an) 
me cou sa | 
| —_ = dle 
TebeL| |g eb | waHog 
Z| eo beb/ Eb FAWA|L x | IS YOM A. 
eee & Zee) [72 
S r y 
= /QU/PPLBLUOT © 
N Dy i & LOUVPLY 
< JOLY = 
Sx ae + I r T <tr 
WIS SN [OU Ol YIOUOT. 
GS Le al +— eS a 1 
NS ~ SS 
WS <> 
‘S <e = == 
ja i = 


34 


LEP 


Ut Load 17 10 


S 
S 
& 


4 
SN 
S 


ILLINOIS ENGINEERING EXPERIMENT STATION 


Wt DEK OL T7AT/Ol7 
°-fOV A 
ice LOIGITUD/2Q/. 
iG | | 
LOUAGITUDI72A/ ~~ Kaadta/, 


Unit Delorrnarior 


Fic. 11. Averace Srress-strRaAIN Curves ror CoLuMNS oF 
Groups 0, 1, AND 2 


FAILURE OF PLAIN AND SPIRALLY REINFORCED CONCRETE 35 


4000 | 
3000 | | [al = 
2000 ai i i ee Be L 
{ ee aI | | | [ b iL 
1000 44 | balk | ee el 
coll _| Weel | eo) | kc col |_| | 
REZ 32 e 4/ a2 iar. 
6000 \— - [ | | 
- 5000 ++ i 2 | 
x 
z iif T : — iL 
9 £000 i H { eee 
N j iB " i [eee 
3000 as | 
S oat | | 
2000 4 4 4 
y T T af ale T = 
S /000 | t t + t ~ 
QI CO/pan| COL, COL. | oll | Me L | 
43 eo) 52 5B 
Sy 
S 8000 a ae 
— it 4 
2000 +—— ; 
me T + + 
6000 — | + = 
S000 + | ici 
4000 ; 1 
1 Wt DEL OVP AT1OL7 
3000 ‘lj. : a0 a 0 KAKHA/ iS 
1 i! | © LOGI TUBAIA/ 
uy | | 4 0Q002 Radia/ 
COW cop | [bd coll Corl 0004 Longitudinal | 
/3/ /32 133 
/000 


Ut} DEATH ANOV7 


Fig. 12. AveRrAGE STRESS-STRAIN CURVES ror CoLuMNS or Groups 3, 4, 5, AND 13 


36 ILLINOIS ENGINEERING EXPERIMENT STATION 


F000 el , - 2 
A 4 2 fe Pia iy _ 4 
3000\'— ri 5 ' 
ye Hl r ‘ + 
2000 a ‘ee La 
4 i 
X /000 | | t ae 
NG Col_\ Col Co/_b Col _4 Col’ Col _% Col _&’&Co/. ces a 
9) /3 uA ek \\ GH; SG, 33 1 4/ 42 FS 
Ne 0 ee ats! 
AN) | 2 
Q 7000 in vam" 
RN = ar. or | a 4 a0 
“ 6000 = - t= a oe 
BN Ad Ze foo liaaa 8 
SS 0 ei , vy x4 
N $000\—F i 4 , He 7 
S H 7 I 
a ¢ 1 if rf 
2000 |-4 + | f 
S ‘ ier s/f | ls 
S ae: 4 Z —- Rad ia/ 
3000 ait ; 1 ‘ 7 5 | Leforr7arior7 
=i Hit aie Or Covrrcre/re. 
2000 + | : ---* Leformarior7 
eh | | OS Gola Steé/. 
WHT DEK WVHATIO7, 
Col Cor Col. Col. Col. Col, merce 
SY) OA HES HEY. WS [383 


Urlt Detorvrariov7 


Fig. 18. AVERAGE STRESS-LATERAL-STRAIN CurRVES For ALL CoLUMNS 


the horizontal distance between the curves would be proportional to 
the unit change in volume of the column, thus furnishing a graphical 
record of volume changes throughout the loading of each column. 

The curves of Fig. 13 also furnish a specific comparison, since the 
horizontal distance between these curves represents a relative move- 
ment between the spiral steel and the enclosed concrete. A further 
discussion of these curves will be found in Section 21. 


III. Tests or Puain ConcrETE CoLUMNS 


11. Llastic Properties of the Material.—While the main object of 
the tests was the study of the behavior of the material as it ap- 
proached failure, some information was also secured regarding the 
deformations produced at low loads. Average values of the deforma- 
tions of all plain columns except Column 06, which was omitted be- 
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cause of uncertainties due to rapid temperature variations during 
testing, have been used in the determination of the initial elastic 
properties of the material. Although the relative error of observa- 
tions at low loads was large, it was evident that the stress-strain 
curves were practically straight lines up to one-fourth or one-third of 
the maximum load, and the initial slopes of the curves were used in 
deriving values of the modulus of elasticity, Z, Poisson’s ratio, u, and 
from these the bulk modulus, K, which is equal to the quantity 


E 
G a oe These values, given in Table 5, may be termed elastic con- 


stants, and represent fairly definite properties of the material, al- 
though they were not determined with a high degree of precision. 


12. Longitudinal and Lateral Deformations.—The average stress- 
strain curves of Fig. 11 show some interesting features of the deforma- 
tions of plain concrete at medium and high stresses. These curves 
show the development of an increasing amount of curvature with in- 
crease in load for both the longitudinal and the lateral deformations. 
The longitudinal deformation curves show a gradual increase in cur- 
vature up to or very close to the maximum load and the shape of these 
curves agrees fairly well with that of a parabola, which has been used 
by Professor Talbot* to represent the stress-strain curve for concrete 
in compression. The curves for lateral deformations, however, are of 
a different shape, showing a region of greatest curvature at from 70 to | 
85 per cent of the maximum load. Beyond this region of greatest cur- 
vature the rate of increase in lateral deformation is more than one- 
half that for longitudinal deformations, as may be seen from the 
slopes of the curves in Fig. 11. The increase in lateral deformation is 
so rapid that before the maximum load is reached the lateral unit def- 
ormation becomes equal to one-half the longitudinal unit deformation 
(the two curves intersect ) and in some cases at the maximum load the 
lateral unit deformation is equal to or greater than the longitudinal 
unit deformation. This relatively large value of the lateral strain is 
not consistent with the rational behavior of a homogeneous body and 
evidently indicates the development of internal discontinuity, pre- 
sumably a splitting, of the material. . 

Another characteristic of the lateral deformation near the maxi- 
mum load is seen in the fact that where a flow or continued deforma- 
tion was noted under a stationary load, the amount noted was rela- 
tively much larger on lateral gage lines than on longitudinal ones. 


* Tests of Concrete and Reinforced Concrete Columns; Series of 1906,” Univ. of Ill. Eng. Exp. 
Sta. Bul. 10, 1907. 
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Thus, on Column 04 at the maximum load, the longitudinal unit def- 
ormation increased by 0.00021 in seven minutes, while the lateral unit 
deformation increased twice as much in the same period of time. 

For the curved portion of the stress-strain curves, wherein plastic, 
or inelastic, deformations are developing, it is convenient to consider 
quantities similar in nature to the elastic constants mentioned in Sec- 
tion 11, but varying in magnitude with the load. Thus from the aver- 
age stress-strain curves, values of the secant modulus of elasticity, the 
secant bulk modulus, and the ratio of longitudinal to lateral unit def- 
ormation have been determined at stresses ranging from 800 lb. per 
sq. in. to the ultimate strength. Figure 14 shows values of the ratio of 
lateral to longitudinal deformation, so found, plotted against unit 
load. The term “‘Poisson’s ratio” applies to the initial values of this 
ratio, which appear to be nearly constant up to the load of 800 lb. per 
sq. in.; the term does not apply to the variable values found at the 
higher loads. The curve for Column 02 differs somewhat from the 
others, due to the fact that there was more wear on gage holes during 
the test, and hence less measured lateral swelling of the column. All 
of the curves, however, show a fairly regular increase in the ratio of 
lateral to longitudinal strain, this increase becoming more rapid at 
from 70 to 80 per cent of the maximum load. It is seen that the ratio 


itn» 
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was generally more than 0.5 at the maximum load, and on columns 
which were loaded beyond the maximum load the ratio reached values 


of 2.0 and more. 


13. Volume Changes of the Material.—For a simple compression 
member subject to a longitudinal unit deformation e; and lateral unit 
deformations €2, the volumetric unit deformation, or unit change in 
volume is «, = €; + 2e.. As the average stress-strain curves of Figs. 
11 and 12 have been plotted, the horizontal distance between the two 
curves represents the unit change in volume at the corresponding load. 
Referring to Fig. 11 it is seen that during the application of load, up 
to perhaps two-thirds of the maximum load, the volume decreases 
roughly in proportion to the load applied; as the region of sharp cur- 
vature of the lateral stress-strain diagram is approached, the rate of 
change in volume becomes less. At the load indicated on the figure by 
the line A-B, at which tangents to the two curves become parallel, a 
small increase in load causes no corresponding change in volume. At 
higher loads the volume increases with increase in load, until at the 
point where the two curves intersect the volume is just what it was be- 
fore any load was applied. At the maximum load the apparent vol- 
ume of the test piece has actually been increased by the application of 


a compressive load. 
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For the five plain columns tested it has been found that the load 
indicated by the line A-B was 77 to 85 per cent of the maximum load, 
and that the slope of the tangent to the lungitudinal stress-strain 
curve (or tangent modulus of elasticity ) at this load averaged exactly 
one-third of the initial modulus of elasticity. These relations seem to 
be quite consistent, and will be used in making further comparisons. 

To illustrate the changes in volume described above, the unit 
changes in volume have been computed from the average longitudi- 
nal and radial strains for each plain column and are plotted against 
the unit load in Fig. 15. Straight lines representing values of the bulk 
modulus, K, given in Table 5, are also shown in the figure. It is seen 
that at medium and low loads the deviation of the change in volume 
from the straight-line relation is small, much less in fact than the cor- 
responding deviation for either the longitudinal or lateral deforma- 
tions. The rapid changes in volume at loads of 77 to 85 per cent of the 
maximum and beyond, as previously described, are clearly shown in 
the figure. 

The values of secant modulus of elasticity and secant bulk mod- 
ulus described in Section 12 and given in Fig. 16 also throw light on 
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the way in which volume changes of the material took place. These 
values have been plotted against unit load, the value at zero load be- 
ing the initial value of the modulus listed in Table 5. It is seen that 
the values of the secant bulk modulus at low and medium loads are 
more nearly constant than are values of secant modulus of elasticity. 
Figure 16 also emphasizes the fact that at loads of from 75 to 85 per 
cent of the maximum, abrupt changes take place in the behavior of 
the material—changes that would not be apparent from a considera- 
tion of longitudinal deformations alone. 


14. Development of Cracks and Failure.—With the fairly rapid 
loading used in these tests no cracks were observed on the surface of 
any plain column until the maximum load was reached. The cracks 
that developed at or somewhat beyond the maximum load are barely 
visible in the views of Fig. 8. The cracks were of two distinct types: 
(a) vertical cracks, extending for some distance along the column and 
not accompanied by spalling of the adjacent concrete surface; and (b) 
more or less horizontal cracks, usually rather short and not extending 
inward normal to the surface. These latter cracks were frequently 
accompanied by spalling of thin flakes of concrete, followed by gen- 
eral breaking up of the surface. 

Two of the five plain columns were crushed down until complete 
failure occurred, while the others were loaded only until maximum 
load was reached. The appearance of the two columns at complete 
failure was characteristic of concrete of this grade. Rupture of the 
material followed more or less conical surfaces, inclined at from 30 to 
35 deg. to the axis of the cylinder, a so-called shearing type of failure. 


15. Characteristics of Deformation and Failure of Concrete in 
Simple Compression.—The following description of important fea- 
tures of the deformation and general behavior of concrete in simple 
compression is in accord with previous discussions* of the subject. 
It seems convenient to divide the action of the column into three dis- 
tinct stages of loading, each having certain well-defined character- 
istics. ; 

In the first stage the deformations are all very nearly proportional 
to the loads, and hence to each other. While it is not known just how 
far the proportionality of loads and strains obtains, the stress-strain 
curves do not show appreciable deviation from straight lines up to at 
least one-fourth of the maximum load. Similar results were obtained 


*A Study of the Failure of Concrete Under Combined Compressive Stresses,’’ Univ. of Il. Eng. 
Exp. Sta. Bul. 185, 1928. 
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by Johnson,* who used a mirror extensometer apparatus in making 
very careful measurements of longitudinal and lateral strains in con- 
crete and mortar cylinders. 

The second stage of loading is marked by the deviation of the- 
stress-strain curves from the straight line followed in the first stage; 
in general, the ratio of lateral to longitudinal deformation increases 
during this stage, while the change in volume remains more nearly a 
linear function than do any of its component parts. 

The third and final stage of loading is marked by the abrupt 
change in the curve for lateral deformation previously described. 
This change is not accompanied by a like increase in longitudinal def- 
ormations, and consequently both the volume and the ratio of lateral 
to longitudinal strain show rapid increases. The abrupt transition 
from the second to the third stage seems to be best explained as being 
due to an internal splitting or breaking of the continuity of the ma- 
terial, since this would make it possible to have an increase in com- 
pressive stress accompanied by an increase in bulk of the material. 
The fact that the lateral strains increase more rapidly than the longi- 
tudinal ones further indicates that the initial failures within the ma- 
terial are of a splitting rather than a shearing type. Since vertical 
cracks do not appear on the surface until near the maximum load, it’ 
may be argued that the initial splitting occurs on minute sections 
widely scattered through the mass, and only after a considerable 
amount of displacement has occurred do these cracks merge to form 
larger continuous planes of failure. 

Brandtzaegy{ has offered a theory of failure of a material like con- 
crete in compression which agrees in many particulars with the phe- 
nomena observed in the tests. The first departure from elastic action 
of the material, corresponding to the beginning of the second stage, is 
considered to be due to the starting of plastic sliding on elementary 
planes at scattering points and in every direction within the specimen. 
The spreading and increase of this plastic deformation in turn sets up 
lateral pressures which are resisted by the tensile strength of the 
elements still intact. Tensile failure of the latter elements, the split- 
ting mentioned above, marks the beginning of the third stage of load- 
ing. The loss of lateral restraint which is produced by the splitting 
action results in a rapid increase in plastic deformation or yielding and 
further loading soon leads to failure. While the final breakdown of 


24, Peon A. N. “Direct Measurement of Poisson’s Ratio for Concrete,’ Proc. A.S.T.M., Vol. 


- tBrandtzaeg, A. ‘‘Failure of a Material Composed of Non-Isotropic Elements.’’ Det Kgl 
Norske Videnskabers Selskabs Skrifter 1927. Nr. 2 Trondhjem, Norway. Also “A Study of the Faller 
of Concrete under Combined Compressive Stresses, ’’ Univ. of Ill. Eng. Exp. Sta. Bul. 185, 1928. 


FAILURE OF PLAIN AND SPIRALLY REINFORCED CONCRETE 43 


the material may follow the directions of predominant elementary 
sliding planes, it is evident that failure is precipitated by the tensile 
or splitting failure of elements of the material. With very strong con- 
crete the splitting failure is the most noticeable, whereas with weak 
concrete the general disorganization and very gradual plastic yielding 
are familiar phenomena of failure. 


IV. Tests or SprraLtty REINFORCED ConcrRETE COLUMNS 


16. Rate of Loading and Deformation of Columns.—Since all tests 
were made with the machine running at the same nominal speed, the 
rate at which a column took load depended mainly upon the deforma- 
tions accompanying a given load. As may be judged from the stress- 
strain diagrams, the rate of taking load gradually decreased with in- 
crease in load. The columns took load rather steadily until a load 
corresponding to the maximum for plain columns was reached and the 
spiral began to be effective; at this point the load came on rather ir- 
regularly and slowly, a condition which may have been due to the 
attendant large lateral deformation required to bring the spiral rein- 
forcement to a bearing against the concrete. At loads near the ulti- 
mate, very large longitudinal deformations were produced with little 
increase in load, as described in Section 9. It is clear that in most 
cases not only was the concrete in a condition of plastic yielding but 
the steel also had reached a point far beyond its limit of proportion- 
ality. 

Although all columns reached the “spiral stage’’ (the stage of load- 
ing at which the spiral reinforcement began to become effective) at 
about the same load, the first appearance of cracks on the surface was 
noted at somewhat higher loads for the columns having the heavier re- 
inforcement. The first cracks appeared when the lateral unit deforma- 
tion had reached values of 0.001 to 0.002. Spalling of the surface con- 
crete developed rather slowly on the heavily reinforced columns, but, 
as shown in Fig. 8, the spalling was much more complete at the ulti- 
mate load for these columns than for those with smaller percentages 
of reinforcement. 


17. Properties of Columns at Low Loads.—It is well known that the 
lateral stresses exerted by the spiral reinforcement are negligible 
below a unit load equal to the strength of the plain concrete, and 
therefore it is possible to determine ‘elastic’? constants for spirally 
reinforced columns similar to those found in Section 11 for plain 
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columns. The initial slopes of the stress-strain curves of Figs. 11 and 
12 have been determined, giving principal weight to the first three 
points on each curve. As noted before, the tests were made to study 
the action of the material at failure, and the information secured at 
low loads is not as complete as is desirable. Values of the initial 
modulus of elasticity are given in Table 5, together with average 
values of Poisson’s ratio and bulk modulus. The values of these 
latter quantities, however, are estimated rather than directly ob- 
served, inasmuch as inconsistent or improbable test values were dis- 
carded in arriving at these averages. It is believed that these values 
represent a reasonably close estimate of the elastic properties of the 
material. 

The values of the initial modulus of elasticity given in Table 5 are 
generally somewhat lower for the spirally reinforced columns than for 
the plain columns. Similar results have been noted in other tests in 
which the presence of the spiral apparently reduced the density and 
stiffness of the outer shell of concrete. 


18. Release and Reapplication of Load.—In a few cases it was 
found necessary te discontinue testing for an hour or two after the 
column had been loaded well into the spiral range, and, to avoid the 
plastic deformation which might occur under this rather high stress, 
the load on the column was reduced to an amount just sufficient to 
hold all bearing surfaces in alignment. After one to two hours the 
original load was reapplied. The behavior of the columns (Nos. 11, 
21, 33, 42, 51, 52, 131, and 132) is indicated by the stress-strain dia- 
grams of Figs. 11 to 18. Generally, strain readings were taken before 
and after release of load and before and after reapplication, and the 
points so determined have been joined by straight lines in the stress- 
strain diagrams. These straight lines indicate the average rate of 
recovery of deformation with release of load, and the average rate of 
deformation with reapplication of load. It appears that the slope of 
the curve during release of load, sometimes termed the modulus of 
elasticity in regression, was but slightly less than the initial modulus 
of elasticity for the column, while the slope during reapplication of 
load was on the average about two-thirds as great as the initial mod- 
ulus of elasticity. 

There was nothing in the stress-strain relations or in other obser- 
vations of the tests to indicate that this release and reapplication of 
load, at stresses of from 35 to 75 per cent of the ultimate strength of 
the column, had any effect upon the maximum load carried by the 
column. There may have been some effect on the deformations near 
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the point of reapplication of load, but the curves compare very well 
with those for columns in which the testing proceeded continuously. 


19. Release of Load Due to Yielding of Column.—Figure 17 gives 
information on the amount by which the load decreased due to yield- 
ing of the concrete while the screw-power testing machine was stopped 
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during strain measurements. While some part of the decrease may 
have been due to plastic flow of grease in the screws and thrust bear- 
ings of the testing machine, tests made in which the concrete column 
was replaced by a rigid steel block indicate that this effect was not 
more than 8 to 5 per cent of the total decrease. The decrease in load 
is plotted in Fig. 17 against the load.at which the machine was 
stopped, and different symbols have been used to indicate the time 
interval during which the machine was stopped. Itis evident that the 
load carried by the column is the factor of principal importance in 
determining the amount of yielding and the resultant drop in load, 
though a slight effect of the time interval during which yielding occurs 
may be seen. The shortest interval for which the testing machine 
was stopped was 7 minutes, and the longest about 20 minutes. Previ- 
ous tests with a similar grade of concrete have indicated that most of 
the decrease in load observed over a short period occurred in the first 
minute after the testing machine was stopped, the rate of the decrease 
varying roughly in inverse ratio to the square of the time interval. 
If this condition obtains even approximately for these tests, little 
difference can be expected between the amount of load released in 8 
minutes and that released in 20 minutes. 

The shape of the curves in Fig. 17 is much the same for all types of 
test pieces, except that the curves for the plain concrete columns 
show a rather rapid release of load as the maximum load is ap- 
proached, while those for the spirally reinforced columns show a 
nearly uniform slope. As a means of comparing the action of col- 
umns of the different types, average curves for each type are shown in 
the lower part of Fig. 17, and, to afford numerical comparisons, the 
percentage of load released at a load somewhat below the ultimate 
load has been computed. At a load 90 per cent of the ultimate the 
average percentage of load released was found to be as follows: 
Group 0, plain concrete, 9 per cent; Groups 1, 2, 3, and 4, 14 to 15 per 
cent; Group 5, 13 per cent; and Group 13, 11 per cent. Spirally rein- 
forced columns, in which the concrete is in a semi-plastic state 
throughout much of the ‘spiral range” of loading might be expected 
to show greater yielding than plain concrete; it is evident also that the 
yielding of the spiral reinforcement had progressed further in Groups 
1 to 5 than in Group 13. 

Plastic flow or yielding of concrete is usually associated with the 
idea of long continued loading. The yielding noted in these tests 
over periods of only a few minutes may be similar in character to that 
occurring over a period of months or years, but differing in degree. 


ee 
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These tests show the need for a comprehensive study of all phases of 
plastic yielding. The effect of such yielding upon the strength of 
concrete columns having longitudinal and spiral reinforcement is a 
matter of much concern to designing engineers. 


20. Behavior of Columns near Maximum Load.—All of the rein- 
forced columns except those of Group 13 passed the maximum load 
without fracture of the spirals. It was noted in Section 9 that, after a 
column passed the maximum load and the loading was discontinued 
to permit strain observations, when load was reapplied it rose to a 
new maximum and again fell off. This was repeated several times on 
some columns, the second maximum attained usually being the high- 
est of all, and the difference between the maxima being relatively 
small. While the first maximum reached was always considered to be 
the maximum for the column, there is still a question as to what the 
maximum might have been had the testing machine been stopped just 
below the maximum load, since the period of rest and plastic yielding 
or compacting appeared to raise the strength slightly upon reapplica- 
tion of load. 

To secure some information upon the effect of the length of time 
elapsing between loadings to a maximum and upon the magnitude of 
the difference between maxima, systematic loading tests were made 
on Columns 32, 33, 42, and 43 after the maximum load for each col- 
umn had been reached in the ordinary course of testing. The testing 
machine was alternately run and stopped for fixed periods of time, and 
a record was kept of the maximum load and the time required to 
attain it in each case. The results of these tests are given in Table 6. 
There seems to be no appreciable difference in effect when the period 
of rest was one-half minute from that when it was ten minutes. The 
period of rest between the first maximum and the repeated loading 
tests evidently had a slight effect. For Column 43, in which this 
period was about three hours, the second maximum was about 5 per 
cent greater than the first; in the other tests the differences in load sus- 
tained were less. These tests indicate that while the manner of apply- 
ing the maximum load may have a measurable effect upon its magni- 
tude, the amount of the variation that may be produced is relatively 
small. 

It is of interest that in all but one of the spirals made of annealed 
drawn wire, fracture of the spiral occurred with further loading after 
the maximum load on the column was reached; none of the rolled 
mild steel spirals were broken in the tests, but each of the high carbon 
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spirals of Group 13 broke at gage holes in the steel, and caused failure 
at a time when the column was still taking load rapidly. 

It has been stated that during the “spiral range” the column 
undergoes large deformations and is in a semi-plastic condition. This 
has led to the erroneous idea that the concrete within the spirals at 
the maximum load is a disintegrated, granular mass. To show that 
the core still had considerable strength and stability of its own,* the 
spiral reinforcement was removed from Column 32 after the comple- 
tion of the repeated loadings indicated in Table 6. This core, which 
had suffered a longitudinal unit deformation of 0.0196 and a lateral 
unit deformation of 0.0105, was still able to carry a unit load of 1040 
Ib. per sq. in. or practically one-half of the strength of the plain col- 
umns of Group 0. 


21. Depression of the Spiral Steel into the Concrete.—In Fig. 13 
stress-strain curves are shown for lateral deformations on both con- 
crete and steel gage lines. The concrete deformations were measured 
on 10-in. radial, or diametral, gage lines, while the steel deformations 
were on 4-in. circumferential lines. It is seen that the readings on the 
concrete were consistently greater than those on the steel, indicating a 
depression of the steel into the concrete as the bearing pressures in- 
creased, or more correctly a flow of the concrete through the spiral 
reinforcement. The relative amount of the depression and its effect 
upon unit deformations are greater than would be found in a 
column of larger diameter; in this case there is no question but that 
these factors must be considered in a study of stress-strain relations. 

To show more clearly the amount of the depressions Fig. 18 has 
been prepared from the results of the various column tests. In this 
figure the difference between lateral deformations of concrete and of 
steel are plotted as ordinates, and unit stresses in the steel, calculated 
from the measured strains and the stress-strain curves of Figs. 1 and 
2, are plotted as abscissas. Since the ordinates represent relatively 
small differences between two measured quantities, the irregularity of 
the plotted points does not seem unreasonable. It appears that the 
relation between depression and spiral stress is very nearly a linear 
one. The slopes of the straight lines of Fig. 18, which represent the 
rate of depression of the spiral steel into the concrete, are listed in 
Table 7. The slopes are expressed as the differences between concrete 
and steel unit deformations accompanying an increment of spiral 


stress of 10 000 lb. per sq. in. 


*For accounts of similar tests see Mérsch, E. ‘‘ Der Hisenbetonbau,”’ Fifth Edition, p. 214; also 
Univ. of Ill. Eng. Exp. Sta. Bul. 20 and 185. 
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Fia. 18. Depression or Spirau Steen into Concrete Core 


The depression of the spiral into the concrete should be related to 
the bearing pressure between spiral and concrete. For a known spiral 
stress the bearing pressure may be computed, assuming the pressure to 
be uniformly distributed over a cylinder of concrete having a height 
equal to the diameter of the spiral wire and a diameter equal to the 
mean diameter of the spiral. Letting f, denote the bearing unit stress 
in the spiral, d the diameter of the spiral wire and D the diameter of 
the spiral, 

fsard 
fs a (1) 
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TABLE 7 
Rate oF DEPRESSION OF SPIRAL STEEL INTO CONCRETE 


Bearing Unit 
Rate of Modulus of 
Column Depression of Sai Ate Depression, 
No. Spiral Steel into Steel, Ibs per Ib. per sq. in. 
the Concrete,*t = qed b_WN 
K qd. ” K = 
te 
pS 0.00012 
Da cuas.s niet 0.00007 
Average 0.00010 300 3 010 000 
SE nmi ore 0.00017 
SB iaetn ae 0.00016 
Average 0.00016 410 2 550 000 
C3 ee 0.00015 
AS Tn acess 0.00018 
Average 0.00017 455 2 680 000 
er alsateicate 0.00024 
Es We ea 0.00024 
Average 0.00024 605 2 540 000 
: Ie (Een ae 0.00012 . 
EI a ea 0.00016 
2 Oe ee 0.00021 
Average.... 0.00016 400 2 520 000 


*From slope of curves of Fig. 18, representing difference in measured 
lateral unit deformations of concrete and of spiral. 
_ tCorresponding to an increase in spiral steel stress of 10 000 lb. per 
sq. in. 


The values of the bearing stresses f;, corresponding to an increment of 
steel stress of 10 000 lb. per sq. in., have been computed and are given 
in Table 7. The ratio, N, of the bearing stress to the rate of depres- 
sion is given in the last column of the table. This ratio, which might 
be termed the ‘‘modulus of depression,”’ evidently depends upon the 
quality of the concrete, the pitch of the spirals, the diameter of the 
column and other factors. It is interesting that the values of the ratio 
stay so nearly constant for the wide range of spiral sizes used in these 
tests. 

An attempt was made to determine how much of the depression 
could be calculated as elastic deformation, and how much was plastic 
deformation. Although no exact method of analysis was found, an 
approximate calculation of the elastic depression of the spiral into the 
concrete showed this to be very small, and from this it appears that 
the relative movement between spiral and concrete was very largely 
a plastic flow of the concrete between the spiral wires. The fact that 
this flow occurred, even though the pitch of the spirals was only one 
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inch, emphasizes the need of keeping the pitch of spirals to a mini- 
mum if the reinforcement is to be fully effective. 

Curves similar to those of Fig. 18, but based upon circumferential 
rather than diametral strain measurements on the concrete, have also 
been plotted; in general the points are more irregular and the average 
curves have a slightly smaller slope. However, since the precision of 
measurement of the circumferential strains was much less than for 
those taken with the diameter gage, these readings have been con- 
sidered as merely confirmatory check readings, and are omitted here. 


22: Maximum Loads.—As an aid to the study of stress-strain con- 
ditions in the spirally reinforced columns near the maximum load, 
complete records of the average strains at a load just below the max- 
imum and at one just beyond the maximum have been compiled, as 
given in Table 8. The table includes vertical and lateral unit stresses 
and longitudinal and lateral strains; from these sufficient information 
was available to afford a good estimate of the strains and the lateral 
stresses existing at the maximum load. The unit strains given are ob- 
served average values for each column. Ina few cases steel deforma- 
tions have been computed from the lateral concrete deformations by 
using the information given in Fig. 18. The spiral stresses have been 
computed from the strains by use of the average stress-strain curves 
of Figs. 1 and 2. The spiral stresses and the calculated lateral com- 
pressive stresses in the concrete at maximum load have been esti- 
mated from the readings at the loads just preceding and just following 
the maximum, the possible range in the estimated values being thus 
held within quite narrow limits. 

The average maximum unit load and the average lateral unit 
stress at this load for each of the six groups of columns have been 
plotted in Fig. 19, together with the corresponding quantities for the 
plain columns of Group 0. With the exception of the points repre- 
senting Groups 2 and 13, the points fall on a straight line, which may 
be represented by the equation 


fi =fe + 4.1fe (2) 


where f; is the axial unit load, f. the lateral unit stress, and f.’ the 
compressive strength of plain concrete of the quality used. This 
same equation applied very well to the results of tests of concrete in 
combined compression made in this same investigation and described 
in Bulletin 185. In those tests the lateral stress was produced by hy- 


draulic pressure and was independent of the lateral deformation of the 
test piece. 


a a 
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Fic. 19. Maximum Unit Loaps ANp LATERAL STRESSES FoR ALL CoLUMNS 


The relation between the lateral pressure f2, the spiral stress f,, and 
the percentage of spiral reinforcement p, may be found by use of the 


conventional analysis of tension in thin-walled cylinderstobe =| * 
| 


This value of f. may be substituted in Equation (2) to give the 
following expression for the relation between the unit load and the 


stress in the spiral reinforcement: 
fi =fe + 2.05pf. (4) 


Equation (4) indicates that in the spiral range the unit load depends 
upon the strength of the plain concrete, the percentage of reinforce- 
ment, and the stress in the spiral. It is of interest to know whether 
this relation holds true at the time of failure, and whether failure is 
due to refusal of the spiral to take further stress. Table 9 gives esti- 
mated steel stresses at maximum load, together with the slope of the 
stress-strain curve, or tangent modulus of elasticity at these stresses. 
These steel stresses were determined by reference to the data of Table 


ILLINOIS ENGINEERING EXPERIMENT STATION 


54 


‘OATHISOd Sv pep10da1 BUINJOA UT UOTONpeyy |}, 
“ET “SI ul uoyejodeyxe Agt 
‘usyorq pey [eatds r4yyt 


‘ST ‘SI Suisn 


‘SUIvI]S [BIJOWUBIP WO, poyndu0 Hy. 


PeOoT UNWUIXVUL 10978 YsNf IO o10Joq Ysnf UOTyeNyIG 


ose cg9e tebe e sees gggroay 
OF V Sis 0°SI 9°@I 8°61 8°66 OPE TO9FV ‘ fee Meee 
“ Oy SOE €8°T Ors 06'€ £9°6 £96 O3EE er10jog OSE £0°3 er tn €& 
OLE SPO ¥6'% 63°F £0°6 S66 OSE TO4SV \ ae. Neel ae 
« ose Téé PLT 98°T £9°S 00°L 6°16 OZLE O10Jog 008€ OLS ce ae bE 
IGP Cig 0° §T 8ST L°81 Te26 OLSE Sr ME d Je Gee 
POPiPLA 068 O8e &P'T LL’€ Ch DP LOT 3°86 OL9E BIOORG OPLE 80°% i Té 
oe 06ce Fosse gBmroAy 
RCL DES Og€ 7810 = 6r'S GP'S 00° OT 0° 00T 4oz¢¢ TOHTV Bf ete 
EDEL ose £66 9€°0— 81's LYS Sok F' 96 EVE a10J9 OLSE ee Bate nal &% 
GPE 940 *10°S 69'S OL'IT ¢°86 O8cEe T94FV ‘ fees Sk eee 
IRERIOEX 0zE 966 0ST x96 'E 6L°E 80°6 9°26 SPSS a10jog SE9E 1 oat Y ad 
ayoiq pues 
RQEWR Ore II& Té'0— I8'€ CLF £66 0°16 O9FE a0 Jog OLS€ OTT th ee Cee ONG 
OFT 089z Dore ose IOAW 
reneeas TZT 98° §— *6L°G 0v'9 #6 8 6°16 ited VV ‘ F = 
eB OFT LET Lip We x66 °S ies T9i¢ 0° OOT GOSS a10jog GOSS 0S °0 RS ee ST 
“ou TOT 06°6— GED 00'S Or'L 9°96 OF9G ACUENY : sede as 
Gh te O@T SIL 09°0— x81 °S 99°% OLY 0° OOT O09LG 910Joq 0926 0g 0 een eva tacea tO 
eordpue 69T Oe x0P 9 60°2 L0°8 8°96 O&96 104FV , © ea 
PSPPtA OST FFL 68° S— xSP € 10°F SPINE) 8°66 OTLz SO a 0ZLE 7) alfa eee mga ade eo UE 
ear ‘ul ‘bs "XBT Jo ‘ul ‘bs ‘XBT 0} 
th ue aed “q] eumjo, PAS eins d [Sey 4Uu90 J, Jed -q OATLLPOY 
sed ‘q] en SI d T I 
SEC UCASE ‘peoT SES “ut "bs [eardg 
48 “XB. 78 Tou sod “qT jo ‘ON 
Tertdg jo | ssoryg east SyypULsNoYy Ur surwyg yO “AY PeoT HUN WV ‘PeOT HU | quoo sog ee. 
uonoy qr UNUIIXB A 
yesoqe Ty 
peyeuy sy 


dvOT WOWIXV]J] SVAN SNWAD'TOD) CHOMOANTAY ATTVUIdG AO GHOOaY 


8 ATV], 


55 


(pepnpouod) g aATaVy, 


‘QAI}ISOd S¥ Paploded BUINJOA. UL UOTONpeY |, 
a ‘ET “SI Ul UOlyefodviyx9 Agt 
a . 
m oct 08gL Desens eee rogeraAy 
eB “ tost1 OOFT OEE 86'8 & EL 68 ¥ 16 O6¢L s10f9 0082 66 T Bi cule ti. eel 
s “ LOTFI OgéT TOr 9¢°8 G*IT Te 8°16 OGSL 910Jog OLEL 06°T SS Aaa ¢ CGT 
a eyorg | tocor ceor 0914 |) SS °Th 6'I 88h £°86 ores e10 jog 0978 COME ee eek Set 
3 O60L O&O wee eee eee ‘aBBIOAY 
= “ OLTT SLOT oS '6 €6'9 ¥S'8 9°96 €°F6 0669 a10 JOT 0099 GPP ape ot ae A Oe 
Z OLOT 14 oD) 68 G°&S 0° O0T 0Z69 IV 
ical “ OFOT OZOT 9972 8o°P LL°S 6 61 $°86 0219 10 POT 0269 OFF pres tie, oe 
2 Peper OLOT 898 vr FP 80°% &S'°€ GGL Gls 099¢ s10Jog 0979 Iv? ak 2 Sa ee, ents 
i ze o6zP Sue gaat? 
s 6g¢ Lé= 8'6 €° OL ¢°8T 8°66 O8eF 14FV 
iH “ 0€¢ LOF 00° E's Gay GOT 0°26 O9SP ER ERS EL O6EF 99°% pa SS ga cate os Y 
Ay OFS el Lg’ 6°9 est: 1°66 O&sP TO4SV 
RQ “ OFS vg VLG 0G F &6'S SUG 8°16 OFIF 910JO OFF FOS PrN fais nn alana GAY 
B P2PIoUs O8P LYY 80°S 9E°S 19° CPL SeS6 OCIP SEOREK GL O9GF WO er Aimataes ake to 17 
a 
Z one ‘ut ‘bs ; “xByAl Jo ‘ul ‘bs “XBJAT 04 
= aan a Jod “qt Beamon ae Rend Bey. yueo Jeg ged “q] Sn 
4 OANITE IT ‘peory “$80.14 “ut ‘bs yeadg 
Ay 48 “XBYL 4B cro __ 22d “at jo S “ON 
fe, yeardg jo sso1qg [PO CAL Sy}puvsnoy} UI suTeIyg 4IUQ “AY peoy sug aV PLOT HUN | quaa sag uUIn{oR 
ro) uoly Jeo UINUIIXB Ay 

[e1 

Fa [OO SEIGL peo, WNuIxeuU 19938 4Ysnf 10 a10Joq ysnf UOIVENIIG 
=) 
4 
eS avO'T WAWIXVJ UVIN SNWOI0D GHOUOANIAY ATIVUIAG JO aNooaYy 
<-) 


56 ILLINOIS ENGINEERING EXPERIMENT STATION : 


TABLE 9 


Srress SITUATION IN SPIRAL REINFORCEMENT 
aT Maximum Loap 


Calculated 
Increase in 
Tangent Axial Unit 
Estimated | Modulus of | Load with 
Percentage Stress in Elasticity of | Increase of 
Column of Spiral Steel at Steel at 0.001 in the 
No. Reinforce- Maximum Maximum | Unit Defor- 
ment Load, Load, mation of 
lb. per sq.in.| millions of Spiral at 
lb. persq.in.| Maximum 
Load, | 
lb. per sq. in. 
DVS Beeiavaporeneee 59 000 8.0 
4 PAN Sinica caics 47 000 10.0 
V6 Sip .oie soto 55 000 8.5 
Average...... 0.50 53 700 8.8 90.0 
DAL Reb etitt sderece 61 500 2.9 
Pea eo. Aibko 0 Oe 57 500 4.7 
DER none 59 500 3.8 
Average...... £11 59 500 3.8 86.5 
Bicsretarcter cers 38 000 0.8 
BIg sidehsieless.s 33 500 3.2 
SS kalo sis 39 000 0.5 
Average...... 2.07 36 800 15 63.5 
gS cc ee A carse dl 37 000 2.6 
Pa ume ereaee 40 800 0.4 
AS onnicnsveusnerere 40 000 0.7 
Average...... 2.64 39 300 1.2 65.0 
48 400 OZ 
47 400 0.9 
52 900 0.3 
Average...... 4.41 49 600 0.6 54.0 
GD bs eas ccmeorcr 165 000 5.0 
1 SP Aeerenepaicic ocho 148 000 8.0 
LSSie ce erate 146 000 8.6 
Average. ..... 1.96 - 153 000 US 289.0 


8 and of Figs. 1 and 2. While a certain degree of approximation is in- 
volved in the estimation of the stress at maximum load, and in assum- 
ing that the curves of Figs. 1 and 2 correctly represent the conditions 
existing in the spiral, the values seem to be quite consistent in showing 
that the spiral stresses were still increasing as the columns failed. The 
last column of Table 9 shows the calculated increase in unit load cor- 
responding to an increase in unit deformation of the spiral of 0.001 at 
the time the maximum load was reached. Since failure occurred 
while the lateral stress was still increasing, it is evident that the rate 
of increase of f; indicated by Equation (4) does not hold true at the 
maximum load; the increase in unit load made possible by the lateral 


= ae 
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support of the spiral is counteracted by some other effect, possibly a 
loss of cohesion and of interlocking of particles of the material of the 
concrete core which had hitherto contributed to the strength. It 
seems quite probable that failure may have been dependent upon the 
rate at which lateral pressure was supplied, so that some minimum 
rate of increase of lateral pressure with respect to deformation was 
needed in order to produce a corresponding increase in vertical unit 
load. The rate at which failure occurred, as given in Table 9, does not 
seem to vary greatly for the first five groups, though it seems to be ap- 
preciably higher for the columns having the least reinforcement. The 
foregoing reasoning does not apply to the columns of Group 13, which 
failed through the breaking of the spirals at gage holes while the col- 
umn was still taking load rapidly and not by a gradual yielding 
process. 

The stress-strain curves of Figs. 1 and 2 are marked to indicate the 
stress existing in the spirals when the columns failed. This stress does 
not seem to have any definite relation to the ultimate strength of the 
steel, nor to the slope of the stress-strain curve at the points indicated 
(as given in Table 9) so that it is difficult to make any generalization 
as to the value of f, to be used in Equation (4) to give the ultimate 
strength of the spirally reinforced column. The values of the cal- 
culated rate of increase in vertical load at the time of failure give some 
indication that the ultimate load is reached when the product of the 
percentage of spiral reinforcement and the tangent modulus of elas- 
ticity of the steel reaches a definite amount. Whether this amount 
would differ with other materials and different loading conditions is, 
of course, unknown. 


23. Relation between Lateral and Longitudinal Stresses through- 
out Loading.—It has been noted in previous tests* that in the “spiral 
range” of loading of a spirally reinforced column the increments of 
load were nearly proportional to the increments of spiral stress, which 
are in turn proportional to increments of lateral unit stress in the 
column. In Section 22a linear relation was shown between maximum 
loads and lateral unit stresses for the columns of this bulletin. In 
order to study the relation existing at loads below the maximum the 
curves of Fig. 20 have been plotted. Average values of vertical unit 
load are plotted against values of lateral unit stress for all load incre- 
ments at which readings were taken on each column, and average 
curves have been drawn through the points for each group of columns. 


*“ Tests of Concrete and Reinforced Concrete Columns, Series of 1907,”’ Univ. of Ill. Eng. Exp. 
Sta. Bul. 20, 1907; also Jour. Am. Concrete Inst. July, 1915. 
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Fic. 20. LareraL Stresses In CotuMNs at Various Unir Loaps 


The lateral unit stresses were computed from the average of all meas- 
ured strains in the spirals of each column by the method described in 
Section 22. For Columns 11, 12, 13, and 22, on which no spiral strains 
were measured, the lateral stresses have been calculated from the lat- 
eral concrete strains, allowing for the depression of the spiral into the 
concrete, as noted in Section 21. 

Besides the average curves of Fig. 20, a straight line has been 
drawn through the points for each group of columns. This line is 
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identical with the straight line of Fig. 19 and is represented by Equa- 
tion (2) 
fi =fe + 4.1fe 


wherein f.’ is the ultimate strength of the plain concrete columns, 
2130 lb. per sq. in. At the unit load of 2130 lb. per sq. in. the column 
is beginning to deform rapidly and the spiral reinforcement is just be- 
ginning to become effective, so that there is appreciable deviation be- 
tween the experimental curve and the straight line. At the load of 
2500 lb. per sq. in. the deviation has become negligible and beyond 
this load the two curves are practically coincident. 

That one equation represents so well the relation between unit 
load and lateral stresses for these six groups of columns having a great 
variation in amount and quality of reinforcement, with the accom- 
panying differences in the amount of lateral deformation existing at a 
given load, is of interest, and seems to indicate an important law of 
behavior of the material, particularly since the same relation holds at 
the maximum loads for the columns, and at the ultimate loads of the 
cylinders tested in three-dimensional compression in Series 3A and 
3B, Bulletin 185. In so far as numerical values are concerned, it 
should be noted that the columns for these tests were made of con- 
crete of the same quality while the tests of Bulletin 185 were made on 
concretes of different proportions, but the same kind of cement and 
aggregates. In contrast with the value of 4.1 noted above, Talbot 


7. / 
found values of the ratio fi j fe to vary from 2.8 to 4.0 for concretes 
2 


of varying mixtures and materials. Considére, reasoning from the 
principles of internal friction in granular materials, estimated the 
ratio to be 4.8 for spirally reinforced concrete columns; later he re- 
vised this value to 4.2. 

It is important to note that Equation (2) was obtained from tests 
of short members, four diameters in length. Spirally reinforced col- 
umns in the plastic stage are very unstable as regards lateral deflec- 
tion, and an increase in slenderness may be expected to reduce the 
effectiveness of the spiral very rapidly. This may account for values 


fi — fe much lower than 4.1 which have been found 
J2 
in other tests. 


of the ratio 


24, Volume Changes of the Material.—In Section 13 it was noted 
that radical changes in the volume of the plain concrete columns oc- 
curred as the maximum load was approached; hence it was felt desir- 
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Fig. 21. VotumMeE CHANGES IN SPIRALLY REINFORCED CoNcRETE COLUMNS 


able to make a study of the corresponding volume changes in the 
spirally reinforced columns. The unit change in volume e, is equal to 
the algebraic sum of the three principal unit deformations, or 
€1 + 22, where e; represents the axial unit deformation and e, the 
lateral unit deformation. In an elastic cylinder subjected to an 
axial unit stress fi and lateral unit stresses fo, the unit change in vol- 
ume is 

cae ae fs + ofp) = BP = & (5) 


7) 
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where yu is Poisson’s ratio, H is the initial modulus of elasticity, K is 
the initial bulk modulus, and f, is the sum of the principal stresses, or 
the “volume stress.” The term “volume stress” is derived from the 
fact that in an elastic cylinder the quantity f, is proportional to the 
change in volume. 

For the purpose of studying the volume changes, values of «, and 
fo have been computed for all loads at which readings were taken and 
are plotted in Fig. 21. The deformations used are the average values 
for each column, except that the only lateral deformations used are 
those measured with the diameter gage. Each curve represents the 
average relation between volume stress and volume change for a 
column. For each group of columns an initial tangent is also drawn; 
the slope of the tangent K is the average initial bulk modulus for the 
group, as given in Table 5. 

The curves do not differ greatly from those of Fig. 16 for plain 
columns at loads below 1500 Ib. per sq. in., the tendency being toward 
a slightly greater change in volume than that indicated by the initial 
bulk modulus K. The curves of Group 1 follow the straight line up to 
a load of about 2000 lb. per sq. in.; then an abrupt change occurs, 
and the volume increases rapidly until failure is reached. As in the 
case of the plain columns, the net change in volume of these columns 
at failure is a considerable increase. The curves for the columns of 
- Group 2 differ somewhat, Columns 21 and 23 following the initial 
tangent fairly closely until near the maximum load, when an increase 
in volume begins. The curve for Column 22 is similar to the other 
two, but shows a greater decrease in volume. The curves of Group 3 
and 4 are similar to those of Column 22, but show a more pronounced 
deviation to the right of the initial tangent in the upper part of the 
diagram, followed by the characteristic sudden change in direction 
and subsequent increase in volume with further loading. The marked 
deviation of these curves to the right of the initial tangent suggests 
that the material within this range of loading is undergoing a consid- 
erable amount of inelastic compacting, while the final rapid increase 
in volume indicates the development of splitting or internal discon- 
tinuity within the material, similar to the behavior of plain concrete 
near failure. 

The curves for Groups 5 and 13 in Fig. 21 appear somewhat differ- 
ent from those just described; however, this is due in part to the large 
proportion of the curves representing the action of these columns 
within the “spiral range.” The curves of Group 5 are like those of 
Group 4 in that the greatest curvature is seen at a value of f, of 2500 
to 3000 Ib. per sq. in.; beyond this the curve becomes nearly straight, 
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though the rate of change of volume is six or seven times as great as at 
the initial load. Like the preceding curves, these curves show a rever- 
sal in direction near the maximum load, indicating an increase in 
volume with further loading. Measurements on Column 53, which 
held the maximum load practically unchanged during 24 minutes of 
continuous running of the machine, showed a net increase in volume 
(not shown on the curve) at the end of this loading period. The 
curves for Group 13 are similar to those of Group 5, except that the 
loads and changes in volume are much greater, and only one of the 
columns showed any tendency toward an increase in volume at fail- 
ure. As previously stated, failure occurred suddenly due to breaking 
of the spiral wire. It is of interest that the decrease in volume of Col- 
umn 133 was more than 1.5 per cent. 

The curves of Fig. 21 for Columns 33, 42, 52, 131, and 132 show 
breaks where the load was released for a short time and reapplied. 
When the load was released the recovery in volume was slow. The 
slope of the curve representing release of load was about twice as 
great as the slope of the initial tangent at first application of load, 
while the slope of the curve representing the reapplication of load was 
about the same as that of the initial tangent. 

Although the curves of Fig. 21 appear somewhat unlike, it is evi- 
dent that they represent the same kinds of phenomena. The reduc- 
tion in volume at low loads represents nearly elastic action of the 
material. As soon as the spiral range of the column is reached, the 
reduction in volume becomes greater than can be explained by elastic 
deformations, and the inference is that inelastic compacting of the 
material is produced by the applied stresses. The inelastic compacting 
is of greatest magnitude for those columns in which the “spiral range’”’ 
is relatively greatest. Within the spiral range the rate of reduction is 
nearly constant though six or seven times as great as the initial rate 
shown by the tangents drawn at zero stress. For the columns which 
failed gradually through lack of the needed lateral support from the 
spiral, the compacting was counteracted, and finally far exceeded by 
an internal splitting action, which produced an increase rather that a 
decrease in volume as the maximum load was approached. 

The similarity of the curves for Groups 5 and 13 suggests that a 
quantitative relation might be found between e, and f, for all groups. 
By superimposing all of the curves it is found that, neglecting the por- 
tion near the maximum load where the volume is increasing, all of the 
curves follow the same general trend shown by the curves of Group 13. 
While it does not seem desirable to express this trend by plotting an 


FAILURE OF PLAIN AND SPIRALLY REINFORCED CONCRETE 63 


average curve and deriving its empirical equation, it is well to know 
that such a relation might be found. It is rather surprising that 
the curves for the change in volume should be independent of the 
amount of spiral reinforcement. However, this may be explained by 
the fact that within the spiral range there is a definite relation be- 
tween f; and fs, as given by Equation (2), so that any given value of 
f» represents certain fixed values of f; or f2 as follows: 


fo = fi + 2a = 1.49f. — 0.49f.’ = 6.1f2 + fi! 


Since f, always represents a definite stress situation in the ma- 
terial, it is reasonable to conclude that the important factor is the 
lateral stress fz and not the amount of reinforcement that produces the 
stress, although it is evident that in the more lightly reinforced 
columns in which the lateral stresses were small the compacting of the 
material did not occur to as great an extent as it did in the other 
columns at the same loads. This is the principal item of difference 
between the various curves of Fig. 21. 


25. Variations in Properties along Length of Column.—While the 
study of stress-strain relations has been confined in the foregoing sec- 
tions principally to the average of a large number of observations in 
the attempt to define general relations or well-defined trends, still it is 
desirable to note the extent of variation of the individual observa- 
tions from the average values used. It was characteristic of the 
strains measured on the four sides of any column at a given section 
that the values were quite consistent but that there was considerable 
variation between strains at the top, middle, and bottom of the 
column. Column 52 may be taken as representative of the group in 
having a very noticeable difference between the measured strains at 
the top and bottom. 

Figure 22 shows the relation between axial unit loads and lateral 
unit stresses determined at sections at the top, middle, and bottom of 
Column 52. The procedure followed in determining the values used 
was similar to that employed in Section 22. The values for the three 
sections of the column are identified by different symbols, and average 
values are also shown by the dotted line, while the solid straight line 
represents Equation (2). It is seen that the points of Fig. 22 are 
slightly more scattered than are the points shown in Fig. 20, which is 
reasonable, since the latter represent the average of a larger number 
of observations. It is evident, however, that, despite the individual 
differences in deformations, the latter have varied in reasonable con- 
formity with the general law expressed by Equation (2). The points 
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indicate a rather consistent difference in trend for the top, middle, and 
bottom sections, indicating the probability of a difference in strength 
and stiffness between the three sections; hence, if the appropriate 
values of f.’ could be inserted in Equation (2) for the three sections, 
the agreement between the observed values and the line representing 
the general equation would undoubtedly be still better. 

As a second study of variations along the length of the column, 
values of the change in volume, e,, at the top, middle, and bottom of 
Column 52 have been computed, and are plotted in Fig. 23 against 
values of the volume stress, f,. As might be expected the change in 
volume varies with the measured strains, being fairly large at the top 
and middle sections, and departing only slightly from the initial tan- 
gent at the bottom section. This is another indication that the con- 
crete at the top of this column was weaker and less dense than that at 
the bottom, since the amount of compacting occurring might be ex- 
pected to be an inverse function of the density. 

The studies of individual strain variations are of interest in show- 
ing that in spite of incidental variations in the material, the relation 
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expressed by Equation (2) evidently governs the behavior of all parts 
of the column. Volume change, on the other hand, is seen to be an 
extremely variable quantity. Considering that much of the volume 
change consists of an inelastic compacting of the concrete, it is note- 
worthy that the average values given in Fig. 21 show the consistent 
agreement in general trend that they do. 


26. Stress-strain Relations within the Spiral Range.—In the fore- 
going sections three important relations between stresses and strains 
within the spiral range of action of the spirally reinforced columns 
have been noted; the effect of the depression of the spiral steel into the 
concrete, the relation between longitudinal and lateral unit stresses at 
any load, and the relation between volume changes and the accom- 
panying stress situation. With this information available it is pos- 
sible to derive expressions for the relations between the longitudi- 
nal and lateral strains and the unit stresses in the material which 
apply fairly accurately for the range of conditions covered by these 
tests. Since such expressions may not be of general application, and 
since they are represented by rather complicated empirical equations, 
no attempt will be made to give them here. However, it is important 
to know that such relations can be derived, not so much for their 
quantitative use as for their value in indicating the relative impor- 
tance of the various factors involved. Thus it can be shown that the 
lateral strain varies directly with the excess of longitudinal stress over 
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the plain concrete strength, and inversely with the percentage of 
spiral reinforcement; for a given load within the spiral range, the lat- 
eral deformation was about nine times as great for the columns of 
Group 1 as for those of Group 5. The relation between longitudinal 
strain and stress is not governed by any simple linear function, but it 
is evident that the strain decreases as-the percentage of spiral rein- 
forcement increases. Other variables which enter into the stress-strain 
relation are the diameter of the spiral wire, the modulus of elasticity 
and bulk modulus of the material and the “‘modulus of depression’’ 
described in Section 21. 


27. A Conception of the Action of Spirally Reinforced. Columns.— 
The theory of failure of concrete under combined stresses given in 
Bulletin 185 is evidently applicable to the spirally reinforced com- 
pression member. During the early stages of loading the action of the 
reinforced member differs little from that of the plain concrete one. 
After the limit of proportionality of stress and strain has been 
reached, marking the beginning of plastic deformation of the con- 
crete, the increase in the rate of lateral deformation serves to produce 
a very small stress in the spirals. At the stage at which splitting and 
failure of plain concrete begins, the action of the spiral column is quite 
different. There is undoubtedly a tendency to splitting, but since 
such action would in turn produce a rapid increase in the lateral def- 
ormation and a consequent increase in the lateral compression ex- 
erted by the spirals, the splitting is restrained or retarded. Stated in 
another way, considering that small elements of the material have 
begun to deform plastically, these elements must be supported later- 
ally if they are to carry load. The lateral support is afforded by the 
tensile strength of surrounding elastic elements and by the lateral 
pressure developed as the concrete bulges outward against the spirals. 
As lateral deformation progresses it is evident that some splitting 
takes place, the support of some elastic elements thus vanishing and 
an increase in plasticity following. This loss of support allows further 
lateral deformation and the needed lateral restraint is secured from 
the spiral reinforcement. The materal at this stage may be consid- 
ered as “disorganized,” the elements being in a highly plastic stage, 
held in equilibrium between the external loads and the lateral pressure 
of the spiral reinforcement. This equilibrium may be called a plastic 
equilibrium; it is essentially independent of the amount of lateral def- 
ormation. 

It is evident that the maximum load on a spirally reinforced mem- 
ber is reached when the increase in lateral compression produced by 
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the spirals fails to keep up with the loss of cohesion between particles. 
There seems to be a minimum rate of development of spiral stress re- 
quired, since failure of columns occurred before the spiral steel had 
reached its ultimate strength. The material of columns highly rein- 
forced should reach a more completely disorganized or plastic condi- 
tion than that of a lightly reinforced one, in which the splitting effect 
should be more noticeable. This is in accord with the very gradual 
yielding noted in columns of Group 5 as compared to the more rapid 
failures of those of Group 1. 

It is admitted that the foregoing statements are not all based on 
test observations; rather it is intended to give a visualization of the 
probable internal action causing the phenomena observed, an expla- 
nation consistent with a conception of failure that seemsin accord with 
other sets of experiments. 


V. CONCLUSIONS 


28. Summary of Results.—In the foregoing discussion an effort has 
been made to correlate the results of the tests with the conception of 
failure of concrete in combined compression given in Bulletin 185, an 
attempt which has in some cases involved re-statement of well-known 
principles simply for the sake of a new viewpoint. 

The following summary is intended to emphasize the principal 
findings of the bulletin; the first two paragraphs refer to the action of 
plain concrete members and the remainder to those containing rein- 
forcement. 

(1) The behavior of plain concrete in simple compression may be 
considered for three stages of loading, each having certain special 
characteristics. In the first stage the material acts like an elastic ma- 
terial, stresses and strains being proportional. The extent of this 
stage depends upon the quality and condition of the concrete. The 
second stage is marked by appreciable deviations, particularly of the 
lateral strains, from the linear stress-strain curves of the first stage, 
and a steady increase in the ratio of lateral to longitudinal strains. 
This stage evidently indicates the beginning of plastic deformation, 
perhaps a yielding of the bond at the surfaces of aggregate particles, 
within the material. As this deformation spreads it tends to set up 
lateral tensile stresses in the portions of the material still intact. The 
beginning of the third stage is marked by an abrupt increase in the 
ratio of lateral to longitudinal strains; as a consequence the volume of 
the material, which had been decreasing under increasing loads, 
changes its behavior radically and increases with further loading. In 
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these tests the third stage generally began at from 75 to 85 per cent of 
the maximum load. 

(2) As failure was approached in the third stage of loading the 
ratio of lateral to longitudinal strain exceeded one-half, the apparent 
volume of the material showed a net increase, and small cracks, par- 
allel to the direction of loading, began to appear on the surface. This 
condition was evidently produced by internal tension failure or split- 
ting on minute surfaces, followed by extensive plastic deformation, or 
disorganization of the material, and final failure or collapse of the un- 
stable mass. From the measured bulging of the material it is appar- 
ent that initial failure was due to a splitting action rather than to a 
sliding along continuous inclined planes, since the bulging was not ac- 
companied by a like axial shortening, which would be an essential fea- 
ture of a sliding action. The fact that final fracture frequently fol- 
lowed conical surfaces inclined at 55 to 60 deg. to the horizontal prob- 
ably has no significance as regards initial failure. 

(3) The action of spirally reinforced columns at the early stages 
of loading is essentially the same as that described for the first and 
second stages of loading of plain columns. During the second stage 
plastic deformation of the material begins and the lateral deforma- 
tions become large enough to produce a small stress in the spiral, 
_ which in turn exerts a slight lateral pressure on the concrete core. 
The third stage, which has been denoted as the “‘spiral range”’ of ac- 
tion, begins at a load corresponding to that at which the splitting of 
plain concrete begins. Considering that certain small elements of the 
material have begun to deform plastically, these elements must be 
supported laterally if they are to carry load. This lateral support 
must be afforded by the tensile strength of surrounding elastic ele- 
ments, and by the lateral pressure developed by the spiral. The large 
lateral deformations accompanying high tensile stress in the concrete 
develop pressure against the spiral and as the support of elastic ele- 
ments is lost through a splitting action, the requisite support is gained 
from the spiral reinforcement. As this action increases, the concrete 
becomes more of a plastic mass, carrying further load only as fast as 
the lateral support of the steel can be developed. When loading is 
applied more rapidly than lateral support can be furnished, failure 
begins. 

(4) An important result of the tests was the determination of a 
fairly definite relationship between longitudinal and lateral stresses 
within the spiral range. The relation f; = f.’ + 4.1f2 was found to 
apply at the maximum as well as at lower loads; and to individual 
columns as well as to the average of each group of columns. The fact 
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that this relation also applied quite well to the tests of Bulletin 185 
adds toitsusefulness. Two limitations to the applicability of the rela- 
tion must be noted, however: (a) it was derived from tests of concrete 
made from a particular lot of aggregates and cement, and it is likely 
that concrete made from other materials might furnish different 
numerical constants, particularly as regards the coefficient 4.1; (b) 
the tests were made on short cylinders having a height equal to four 
diameters, a type of specimen in which the effectiveness of the spiral 
should be greater than in the more slender members generally used in 
practice. 

(5) The foregoing relation between longitudinal and lateral 
stresses in the spiral range evidently represents plastic equilibrium of 
the material, and is independent of the lateral deformations taking 
place. The lateral deformations are governed by the deformations of 
the spiral required to develop the lateral pressure demanded for this 
equilibrium. 

(6) The reliability of all properties dependent upon the observed 
spiral stresses is greatly enhanced by the careful studies made of the 
true stress-strain relations for the spiral steel as it existed in the 
columns. The results of these studies indicate that the true properties 
of the steel may not have been determined in earlier investigations. 

(7) In all the tests except those of Group 13 the maximum load on 
a column was passed without breaking the spiral reinforcement, or 
even reaching the maximum strength of the steel. It appears that 
there may be a certain minimum rate of increase of lateral stress with 
deformation of the column necessary to allow the vertical load to in- 
crease proportionately; when this minimum rate is not maintained, 
the maximum load is passed. While the tests do not give a very clear 
definition of this minimum rate, it is evidently lower for the more 
highly reinforced members. The limiting rate of increase in lateral 
stress with respect to lateral deformation is a function of both the 
percentage of spiral steel and the tangent modulus of elasticity of the 
steel. The limiting value of the latter increases more rapidly than in 
an inverse ratio to the percentage of spiral as the percentage is de- 
creased. This limiting value of the tangent modulus of elasticity 
fixes the maximum steel stress that can be utilized in giving strength 
to the column. The foregoing statements do not apply to the 
columns of Group 13, which failed prematurely through stress-concen- 
tration at gage holes in the spiral steel. 

(8) In spite of the small pitch (1 inch) of the spirals used, there 
was in all cases a considerable depression of the spirals into the con- 
crete core, or more correctly, a flow of the concrete between the spiral 
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wires. The amount of the depression was roughly proportional to the 
bearing pressure between the spiral and the concrete, being greatest 
for the columns having the largest percentage of spiral reinforcement. 

(9) Volume changes of a column throughout loading gave valu- 
able information regarding the general behavior of the column. At 
low loads, the volume change was closely proportional to the applied 
loads. In the spiral range the action differed from that preceding. 
Those columns having a large amount of reinforcement suffered a 
correspondingly large decrease in volume, the rate of decrease reach- 
ing 6 or 7 times the initial rate. This decrease was evidently due to 
inelastic compacting of the concrete. In the columns having very 
small amounts of reinforcement the inelastic deformation was rela- 
tively small, and at high loads the amount of increase in volume was 
relatively great, approaching that of the plain concrete. This in- 
crease in volume, which began well below the maximum load, was 
evidently due to the failure of the spiral to furnish sufficient lateral 
restraint. 

(10) The action of the spirally reinforced column departed radi- 
cally from the laws of behavior of elastic solids, particularly as to the 
independence of load-carrying capacity and lateral deformation. Vol- 
ume changes, which in the spiral range were essentially inelastic in 
character, were quite irregular, though all followed the same general 
trend as represented by an average curve. 

(11) The foregoing tests have provided three related sets of ob- 
servations: (a) a relation between longitudinal and lateral stresses; 
(b) a general rule regarding the depression of the spiral steel into the 
concrete; and (c) a relation for the variations in volume during load- 
ing. Together these relations, if sufficiently general and accurate, 
provide complete information regarding load-deformation relations in 
spirally reinforced members. Of the three, the third is least reliable 
and general in application, while the first is the most applicable and 
useful. It alone furnishes a rational basis for an analysis of the 
strength properties of this type of member. 

(12) It has long been recognized that much of the strength of 
spirally reinforced columns cannot be utilized because of the large at- 
tendant deformations; furthermore, the foregoing load-deformation 
relations for plain and spirally reinforced columns do not apply di- 
rectly to the commercial column with both longitudinal and spiral 
reinforcement. However, the information presented should lead to a 
better understanding of the behavior of and to more rational rules of 
design for such members. There is particular need for a better knowl- 
edge of the deformations, as well as the stresses, in such members. 
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Tykociner. 1925. Thirty-five cents. 

Bulletin No.148. Radio Telephone Modulation, by H. A. Brown and C. A. 
Keener. 1925. Thirty cents. 

t Bulletin No.149. An Investigation of the Efficiency and Durability of Spur 
Gears, by C. W. Ham and J. W. Huckert. 1925. Fifty cents. 

Bulletin No. 150. A Thermodynamic Analysis of Gas Engine Tests, by C. Z. 
Rosecrans and G. T. Felbeck. 1925. Fifty cents. 

Bulletin No. 151. A Study of Skip Hoisting at Illinois Coal Mines, by 
Arthur J. Hoskin. 1925. Thirty-five cents. 

Bulletin No.152. Investigation of the Fatigue of Metals; Series of 1925, 
by H. F. Moore and T. M. Jasper. 1925. Fifty cents. 

Bulletin No. 153. The Effect of Temperature on the Registration of Single 
Phase Induction Watthour Meters, by A. R. Knight and M. A. Faucett. 1926. 
Fifteen cents. 

*Bulletin No.164. An Investigation of the Translucency of Porcelains, by 
C. W. Parmelee and P. W. Ketchum. 1926. Fifteen cents. 

Bulletin No.155. The Cause and Prevention of Embrittlement of Boiler 
Plate, by S. W. Parr and F. G. Straub. 1926. Thirty-five cents. 

Bulletin No.156. Tests of the Fatigue Strength of Cast Steel, by H. F. 
Moore. 1926. Ten cents. ; 

‘Bulletin No. 157. An Investigation of the Mechanism of Explosive Reac- 
tions, by C. Z. Rosecrans. 1926. Thirty-five cents. 

*Circular No.18. The Density of Carbon Dioxide with a Table of Recalcu- 
lated Values, by S. W. Parr and W. R. King, Jr. 1926. Fifteen cents. 

*Circular No.14. The Measurement of the Permeability of Ceramic Bodies, 
by P. W. Ketchum, A. E. R. Westman, and R. K. Hursh. 1926. Fifteen cents. 

*Bulletin No. 168. The Measurement of Air Quantities and Energy Losses in 
Mine Entries, by Alfred C. Callen and Cloyde M. Smith. 1927. Forty-five cents. 

*Bulletin No.159. An Investigation of Twist Drills. Part II, by B. W. Bene- 
dict and A. E. Hershey. 1926. Forty cents. 

*Bulletin No. 160. A Thermodynamic Analysis of Internal Combustion Engine 
Cycles, by G. A. Goodenough and J. B. Baker. 1927. Forty cents. } 

*Bulletin No. 161. Short Wave Transmitters and Methods of Tuning, by 
J. T. Tykociner. 1927. Thirty-five cents. 

Bulletin No. 162. Tests on the Bearing Value of Large Rollers, by W. M. 
Wilson. 1927. Forty cents. + 

*Bulletin No. 163. A Study of Hard Finish Gypsum Plasters, by Thomas N. 
McVay. 1927. Twenty-five cents. : ; : 

Circular No.1. The Warm-Air Heating Research Residence in Zero 
Weather, by Vincent S. Day. 1927. None available. 

Bulletin No. 164. Tests of & Batigue ee a Cast Iron, by H. F. 
Moore, S. W. Lyon, and N. P. Inglis. : arty cents. 

Bulletin N a 165. A Study of Fatigue Cracks in Car Axles, by H. F. Moore. 


1927. Fifteen cents. , : 
Bullets No. 166. Investigation of Web Stresses in Reinforced Concrete 


Beams, by F. E. Richart. 1927. Sixty cents. 


+Copies of the complete list of publications can be obtained without charge by addressing 


i i iment Station, Urbana, IIl. : ee 
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*Bulletin No. 167. Freight Train Curve-Resistance on a One-Degree Curve 
and a Three-Degree Curve, by Edward C. Schmidt. 1927. Twenty-five cents. 

*Bulletin No. 168. Heat Transmission Through Boiler Tubes, by Huber O. 
Croft. 1927. Thirty cents. 

*Bulletin No. 169. Effect of Enclosures on Direct Steam Radiator Perform- 
ance, by Maurice K. Fahnestock. 1927. Twenty cents. 

*Bulletin No.170. The Measurement of Air Quantities and Energy Losses 
in Mine Entries. Part II, by Alfred C. Callen and Cloyde M. Smith. 1927. 
Forty-five cents. 5 

Bulletin No.171. Heat Transfer in Ammonia Condensers, by Alonzo P. 
Kratz, Horace J. Macintire, and Richard E. Gould. 1927. Thirty-five cents. 

Bulletin No.172. The Absorption of Sound by Materials, by Floyd R. 
Watson. 1927. None available. 

*Bulletin No.173. The Surface Tension of Molten Metals, by Earl E. 
Libman. 1928. Thirty cents. 

*Circular No. 16. A Simple Method of Determining Stress in Curved Flex- 
ural Members, by Benjamin J. Wilson and John F. Quereau. 1928. Fifteen cents. 

Bulletin No.174. The Effect of Climatic Changes upon a Multiple-Span 
Reinforced Concrete Arch Bridge, by Wilbur M. Wilson. 1928. Forty cents. 

Bulletin No.176. An Investigation of Web Stresses in Reinforced Concrete 
Beams. Part II. Restrained Beams, by Frank E. Richart and Louis J. Larson. 
1928. Forty-five cents. ; 

Bulletin No.176. A Metallographic Study of the Path of Fatigue Failure 
in Copper, by Herbert F. Moore and Frank C. Howard. 1928. Twenty cents. 

Bulletin No. 177. Embrittlement of Boiler Plate, by Samuel W. Parr and 
Frederick G. Straub. 1928. Forty cents. 

*Bulletin No. 178. Tests on the Hydraulics and Pneumatics of House Plumb- 
ing. Part II, by Hareld E. Babbitt. 1928. Therty-five cents. 

Bulietin No.179. An Investigation of Checkerbrick for Carbureters of 
Water-gas Machines, by C. W. Parmelee, A. E. R. Westman, and W. H. Pfeiffer. 
Fifty cents. 

*Bulletin No. 180. The Classification of Coal, by Samuel W. Parr. 1928. 
Thirty-five cents. 

Bulletin Ne. 181. The Thermal Expansion of Fireclay Bricks, by Albert E. 
R. Westman. 1928. Twenty cents. ; 

*Bulletin No. 182. Flow of Brine in Pipes, by Richard E. Gould and Marion 
I, Levy. 1928. Fifteen cents. 

Circular No. 17. A Laboratory Furnace for Testing Resistance of Firebrick 
to Slag Erosion, by Ralph K. Hursh and Chester E. Grigsby. 1928. Fifteen cents. 

*Bulletin No. 183. Tests of the Fatigue Strength of Steam Turbine Blade 
Shapes, by Herbert F. Moore, Stuart W. Lyon, and Norville J. Alleman. 1928. 
Twenty-five cents. ; 

_ .*Bulletin No. 184. The Measurement of Air Quantities and Energy Losses 
in Mine Entries. Part III, by Alfred C. Callen and Cloyde M. Smith. 1928. 
Thirty-five cents. 

*Bulletin No. 185. A Study of the Failure of Concrete Under Combined 
Compressive Stresses, by Frank E. Richart, Anton Brandtzaeg, and Rex L. 
Brown. 1928. Fifty-five cents. 

*Bulletin No. 186. Heat Transfer in Ammonia Condensers. Part II, by Alonzo 
P. Kratz, Horace J. Macintire, and Richard E. Gould. 1928. Twenty cents. 

*Bulletin No. 187. The Surface Tension of Molten Metals. Part II, by 
Earl E. Libman. 1928. Fifteen cents. ‘ 

*Bulletin No. 188. Investigation of Warm-air Furnaces and Heating Sys- 
tems. Part III, by Arthur C. Willard, Alonzo P. Kratz, and Vincent S. Day 
eae eo cents. j 

ulletin No. 189. Investigation of Warm-air Furnaces and Heating Systems. 

Part IV, by Arthur C. Willard, Alonzo P. Kratz, and Vincent S. hae 1929 
Sixty cents. 
*Bulletin No. 190. The Failure of Plain and Spirally Reinforced Concrete in 


Compression, by Frank E. Richart, Anton Brandtzaeg, and Rex L. Brown, 1929 
Forty cents. 4 


*A limited number of copies of the bulletins starred are available for free distribution. 


) 
s 


THE UNIVERSITY OF ILLINOIS 
_ THE STATE UNIVERSITY 
Urbana 
~Davip Kinuny, Ph.D., LL.D., President 


_ THE UNIVERSITY INCLUDES THE FOLLOWING DEPARTMENTS: 


The Graduate School : 

- The College of Liberal Arts and Sciences (Curricula: General with majors, in 

the Humanities and the Sciences; Chemistry and Chemical Engineering; 

| Pre-legal, Pre-medical, and Pre-dental; Pre-journalism, Home Economics, 

Economic Entomology, and Applied Optics) 

The College of Commerce and Business Administration (Curricula: General — 

_ Business, Banking and Finance, Insurance, Accountancy, Railway Adminis- 

tration, Railway Transportation, Industrial Administration, Foreign Com- 

merce, Commercial Teachers, Trade and Civie Secretarial Service, Public 
Utilities, Commerce and Law) 

The College of Engineering (Curricula: Architecture, Ceramics; Architectural, 
Ceramic, Civil, Electrical, Gas, General, Mechanical, Mining, and Railway 
Engineering; Engineering Physics) g 5 

' The College of Agriculture (Curricula: General Agriculture; Floriculture; Home 
Economics; Landscape Architecture; Smith-Hughes—in conjunction with th 
College of Education) The 
The College of Education (Curricula: Two year, prescribing junior standing for 
-admission— General Education, Smith-Hughes Agriculture, Smith-Hughes 
Home Economics, Public School Music; Four year, admitting from the high 
school—Industrial Education, Athletic Coaching, Physical Education 
The University High School is the -practice school of the College of 
Education) 3 : 
The School of Music (four-year curriculum) . 
~ The College of Law (three-year curriculum based on two years of college work. 
For requirements after January 1, 1929, address the Registrar) 

The Library School (two-year curriculum for college graduates) 

The School of Journalism (two-year curriculum based on two years of college 
work) 

The College of Medicine (in Chicago) 

The College of Dentistry (in Chicago) 

The School of Pharmacy (in Chicago). 


The Summer Session (eight weeks) 


iment Stations and Scientific Bureaus: U. S. Agricultural Experiment 
To Biation: Engineering Experiment Station; State Natural History Survey; 
~~ State Water Survey; State Geological Survey; Bureau of Educational 


Research. 
The Library collections contain (June 1, 1927) 733,580 volumes and 162,783 


pamphlets. : 
For catalogs and information address 


THE REGISTRAR 
Urbana, Illinois 


